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ABSTRACT OF DISSERTATION 
 
 
 
 
CONTROLLED OXIDATIVE MODIFICATION WITH GLUCOSE OXIDASE TO 
ENHANCE THE RHEOLOGICAL AND GELLING PROPERTIES OF 
MYOFIBRILLAR PROTEINS 
This study investigated the feasibility of oxidative modification with glucose 
oxidase (GluOx) to enhance the rheological and gelling properties of myofibrillar protein. 
Differential oxidative modifications of myofibrillar protein (MP) by hydroxyl radicals 
generated in an enzymatic system with glucose oxidase (GluOx) in the presence of 
glucose/FeSO4 compared to a Fenton system (H2O2/FeSO4) were investigated. Firmer and 
more elastic MP gels were produced by the GluOx-oxidizing system than by the Fenton 
system at comparable H2O2 levels due to an altered radical reaction pathway. 
The study further explored the effect of GluOx-mediated oxidation on the efficacy 
of transglutaminase (TGase) cross-linking of MP in 0.6 M NaCl and the rheological 
properties of GluOx oxidation/TGase treated MP in MP–lipid emulsion composite gels. 
The GluOx-mediated oxidation promoted the formation of both soluble and insoluble 
protein aggregates via disulfide bonds and occlusions of hydrophobic groups. The 
subsequent TGase treatment converted protein aggregates into highly cross-linked 
polymers. MP–lipid emulsion composite gels formed with such polymers exhibited 
markedly enhanced gelling capacity: up to a 4.4-fold increase in gel firmness and a 3.5-
fold increase in gel elasticity over untreated protein. Microstructural examination showed 
small oil droplets dispersed in a densely packed gel matrix when MP was oxidatively 
modified, and the TGase treatment further contributed to such packing.  
Comparison of the modification of MP via GluOx oxidation/TGase cross-linking 
pathway under different salt concentrations (0.3 and 0.6 M NaCl) showed different patterns 
of MP cross-linking, resulting in different extents of aggregation. Under low-salt condition 
(0.3 M NaCl), the GluOx/TGase treatment increased the gel strength to the same level as 
those treated with TGase in 0.6 M NaCl, suggesting a potential application of 
GluOx/TGase for improving gel strength in low ionic strength conditions. 
Finally, the application of GluOx oxidation in the development of emulsion-type 
sausages was studied. The GluOx oxidation/TGase cross-linking improved the textural 
properties (firmness, chewiness, and rupture force) of emulsion-type sausages under both 
salt levels (P < 0.05). Under low-salt condition (1.5% NaCl), GluOx/TGase treatment can 
increase the sausage binding strength to the same level as the control sample under high-
 
 
salt condition (3% NaCl). The GluOx oxidation/TGase treatment shows promise to 
improve the textural properties of emulsified meat products. However, the significant 
decrease of a* value and increase of b* value indicated GluOx-induced color deterioration. 
 
KEYWORDS: Myofibrillar protein, Glucose oxidase, Oxidation, Transglutaminase, 
Gelation, Texture 
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CHAPTER 1 
INTRODUCTION 
In the United States, approximately 41.7 % of red meat and poultry production is 
broiler, 25.8 % is beef, and 25.6 % is pork in 2016 (Haley and Jones 2017). The majority 
of pork consumption is processed meat products (62 %) (Davis and Lin 2005). In the meat 
processing, the physicochemical performance of muscle proteins including gelation, 
emulsification, water binding, solubility/extractability, meat particle adhesion/binding, and 
fiber swelling, contributes to the texture of meat products, influencing consumers’ eating 
satisfaction (Xiong 2014). 
Myofibrillar protein (MP) plays an essential role in producing the desirable texture 
and water-binding properties in comminuted meat products (Asghar and others 1985). 
During thermal gelation, MP unfolds and aggregates, forming the three-dimensional 
network that immobilizes the liquid medium and affects the meat texture (Dickinson 2012). 
Many studies indicated that the oxidative modification of protein can introduce protein 
cross-linking, resulting in both conformational changes and polymerization of protein, and 
influences the physiochemical functionality of proteins, including gelation, emulsification, 
solubility and water-holding capacity (Zhang and others 2013b; Lund and others 2011; Liu 
and others 2009). A series of investigations have shown that mild protein oxidation can 
alter the mode of myosin aggregation in favor of an elastic gel network, and the oxidants 
in these studies vary from reactive oxygen species, free radicals of lipid peroxidation, 
secondary lipid oxidation products, and phenolic compounds (Xiong and others 2010; Li 
and others 2014; Zhou and others 2014a; Chanarat and others 2015). In this current study, 
 
 
2 
 
we seek to use a food-grade enzyme to produce a controllable oxidizing system to modify 
the functionality of MP, especially the gelation properties. Glucose oxidase (GluOx), an 
enzyme that can catalyze the oxidation of glucose to gluconic acid with the production of 
H2O, has been utilized in the baking industry (Miguel and others 2013). Therefore, the 
application of GluOx as an enzymatic oxidizing system for MP modification was studied. 
Transglutaminase, as an enzyme that catalyzes the acyl-transfer reaction between 
the γ-carboxyamide group of glutamine residues and primary amines, has been reported to 
induce the cross-linking of food proteins and improve the protein gelation properties 
(Buchert and others 2010; Totosaus and others 2002). As oxidative modification may 
induce protein structural changes, exposing glutamine and lysine residues accessible for 
TGase (Li and others 2012), we hypothesized that GluOx oxidation/TGase cross-linking 
could be a potential approach to enhance the polymer formation in muscle proteins, leading 
to rheological enhancements. 
MP, known as a “salt-soluble protein”, requires a high ionic strength buffer to 
disrupt the myofibrils for extraction and functionality (Ziegler and Foegeding 1990). Ionic 
strength has a significant effect on the binding and gelling properties of MP as a result of 
its effect on solubility, but also affected the TGase-catalyzed cross-linking of MP (Chin 
and others 2009). The GluOx oxidation/TGase cross-linking pathway may also be affected 
by the ionic strength. Therefore, the objectives of this study were: 
1. To investigate differential oxidative modifications of MP by •OH generated with 
GluOx method compared to a Fenton system (H2O2/FeSO4) and to assess the 
gelling potential of modified MP. 
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2. To evaluate GluOx oxidation/TGase pathway for rheological enhancement of 
MP−lipid emulsion composite gels. 
3. To determine the effect of salt concentrations on the rheological enhancement of 
MP−lipid emulsion composite gels via GluOx oxidation/TGase pathway. 
4. To explore the application of GluOx oxidation in the development of emulsion-
type sausages. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1. Myofibrillar protein (MP) 
Muscle proteins are classified into three groups: myofibrillar protein (MP), 
sarcoplasmic protein, and stromal protein from different muscle positions and with varying 
solubility.  MP is the structural protein accounting for approximately 55 to 60% of the total 
muscle protein, or 10% of the skeletal muscle, and is composed mainly of myosin, C-
protein, M-protein, actin, tropomyosin, troponin complex, and α-actinin. Sarcoplasmic and 
stromal proteins constitute approximately 30‒35% and 3‒10% of the total muscle proteins, 
respectively (Nip and others 2008).  
MP, known as “salt-soluble protein”, requires a high ionic strength buffer to disrupt 
the myofibrils for extraction of myosin. The main proteins in MP are myosin (~50%) and 
actin (~20%), which are responsible for muscle and also the textural properties of meat and 
meat products (Pearson and Young 1989). Myosin, a large and fibrous protein in the thick 
myofilaments containing six polypeptide chains, is highly asymmetric with two globular 
heads and a long α-helical and rod-like tail (Figure 2.1); there are two heavy chains (220 
kDa) and two pairs of light chains (15–22 kDa) (Pearson and Young 1989). The two 
globular heads (15‒19 nm) with the actin binding region are relatively rich in hydrophobic 
amino acid residues; the tail portion consists of two polypeptide chains (approximately 150 
nm long) with a high portion of charged side chain groups, such as argininyl, glutamyl, and 
lysyl residues (Puolanne and Halonen 2010; Pearson and Young 1989).  
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Figure 2.1. Molecular structure of myosin. Each heavy chain folds together in the globular 
head and binds with one essential light chain and one regulatory light chain. (Adapted from 
Boron and Boulpaep (2012)). 
Myosin heavy chain can be cleaved by proteolytic enzymes (e.g., trypsin and α-
chymotrypsin) into two segments: heavy meromyosin (HMM, head portion) and light 
meromyosin (LMM, tail or rod portion) (Kamiya and others 1985). The HMM fragment 
can be further split by papain into two subfragments: S-1, the myosin globular head 
subfragment-1 domain, which is associated light chains; and S-2, the rod-like and helical-
coiled subfragment-2 domain (Figure 2.2). The region at the junction of LMM and S-2, 
known as the “hinge region”, is very susceptible to proteolysis (Figure 2.1) and plays an  
important role in muscle contraction (Miller and others 2009).  
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Figure 2.2. Schematic representation of myosin and its subcomponents: myosin 
subfragment 1 (S-1); myosin subfragment 2 (S-2); heavy meromyosin (HMM); light 
meromyosin (LMM). (Ooizumi and Xiong 2006) 
 
A myosin molecule contains no disulfide bonds and has 40 free sulfhydryl groups: 
32 sulfhydryl groups in myosin heavy chain and 8 sulfhydryl groups in light chains 
(Chikuni and others 2001; Buttkus 1971; Ling and others 2010; Uenishi and others 2007). 
Most of the sulfhydryl groups in myosin heavy chain are located in heavy meromyosin 
(22‒28 cysteine, varies among species), of which 12 or 13 are located in each S-1 (Alamo 
and others 2008; Offer and Knight 1996; Rayment and Holden 1994; Lowey and others 
1969).  
Actin is the second most abundant protein in MP, composing the myofibril thin 
filament, which exists in two forms: G-actin, a globular form and F-actin, a fibrous form. 
G-actin has a molecular weight of approximately 43 kDa and is the monomer of F-actin, 
which exists as polymerized double helical filaments (Figure 2.3). Six sulfhydryl groups 
and no disulfide bonds exist in each actin molecule (Uenishi and others 2007). Actomyosin 
(myosin-actin complex) can be formed as a temporary complex during muscle contraction 
or as permanent complexes in postmortem meat.  
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Figure 2.3. Schematic representation of actin and the thin filament. F-actin is the 
polymerization of monomeric G-actin into filamentous backbone of the thin filament 
(Murray 2000).  
2.2. Gelation of muscle protein 
Protein gelation is one of the most important functionalities in meat and 
comminuted meat. A gel consists of a three-dimensional lattice of macromolecules or their 
aggregates that immobilize the liquid medium (Ziegler and Foegeding 1990). Gelation of 
muscle protein is responsible for the binding properties, affecting the texture, viscoelastic 
traits, juiciness, and stabilization of fat emulsions in restructured meat products. Generally, 
thermal gelation of proteins is a two-step process, involving a dissociation of the quaternary 
structure and unfolding of protein in the first step, followed by rearrangement of the 
denatured protein and formation of the three-dimensional network (Sikorski 2001). 
Different molecular forces, including disulfide bonds, hydrophobic bonds, hydrogen bonds, 
van der Waals force, electrostatic attraction, or a combination of the above, as well as 
physical entanglements, are involved in the gelation process (Coates and others 1985; Otte 
and others 1999). The protein-protein interactions involved in the gel network are 
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dependent upon the amino acid composition, hydrophobicity, size, shape, and structure of 
the proteins.  
Upon heating, muscle proteins, particularly the salt extracted proteins, denature and 
aggregate to form a three-dimensional continuous gel matrix through protein-protein 
interactions; hence, it plays an essential role in the textural properties of comminuted meat 
products. Sarcoplasmic and stromal proteins demonstrate very low gelling capacity, 
coagulating at 70 to 80 °C, and only play the supporting role in a gel (Trautman 1966). 
Sarcoplasmic proteins after heat coagulation make a significant contribution to gel 
formation and binding structural elements of meat when the ionic strength is low (below 
0.4 M); however, this does not hold true when the ionic strength is increased (more than 
0.4 M ) (Zayas 1997).  Therefore, the majority of studies concentrate on gelation properties 
of MP and myosin. 
Myosin is the main protein responsible for the binding properties of MP during the 
heating process, affecting textural properties of meat and meat products (Fukazawa and 
others 1961; Samejima and others 1969). Although myosin and actomyosin (the complex 
of actin and myosin) are essential among the myofibrillar proteins in developing binding 
properties of fresh meat and processed meat product, myosin plays the major role.  
Actin alone has poor gelling properties but has a synergistic or antagonistic effect 
on myosin gelation (Samejima and others 1969). The myosin/actin ratio was reported by 
Yasui and others (1980) to affect the gelling potential of actomyosin, with a higher 
proportion of myosin in the actomyosin system leading to higher binding ability. Therefore, 
phosphate, high ionic strength, and high pressure alter the dissociation of actin from 
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actomyosin, leading to the increased solubility of myosin and gelation  properties of 
actomyosin (Yasui and others 1980; Siegel and Schmidt 1979).  
The following sequence reports the gel strength of myosin and its subunits with the 
same protein concentration: myosin filament > myosin heavy chain ≈ myosin monomers > 
total rod > LMM > S-2 = S1 (Asghar and others 1985). During thermal gelation, the head 
portion of myosin contributes to the development of gel elasticity first followed by its tail 
portion. Samejima and others (1981) separated the S-1 and the rod by the proteolytic 
method and then examined the rigidity of gels made from S-1, rod, and myosin, finding the 
head portion and tail portion have transition temperatures of approximately 43 °C and 53‒
55 °C, respectively. Myosin molecules aggregate in high ionic strength conditions (0.6 M 
KCl) through their heads. They have also been observed by transmission electron 
microscopy (TEM) to form globular aggregates at 40 °C and then further aggregate into 
two or more oligomers at 50 °C with indistinct tails (Sharp and Offer 1992). The globular 
heads in close proximity with a tail radiating pattern was also observed by Hayakawa and 
others (2012) as the myosin head aggregates and forms an oligomer in a daisy-wheel shape 
at 40 °C, bead-like particles at 50 °C, and  a network based on the bead-like particles at 60 
and 70 °C. The globules formed by head-head interactions could compose particles for the 
strand formation in the gel networks, while the tail-tail interactions may play a crucial role 
in strand formation as well as further cross-linking in gel network formation (Sharp and 
Offer 1992).  
The gelation characteristics of HMM and LMM were studied by Ishioroshi and 
others (1982). They suggested that disulfide bond formation took place only in HMM 
during the heating process, contributing to thermally-induced interactions from the self-
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association of head regions; the tail portion LMM may play a more important role in the 
three dimensional network formation during gelation. Because the globular myosin head is 
approximately 10 nm in diameter with a tail portion approximately 150 nm in length, the 
relatively long tail portion may physically restrain the head region during thermal gelation 
of myosin (Sano and others 1990).  
2.3. Factors affecting the gelling properties of MP 
There are a number of intrinsic and extrinsic factors which are important with 
respect to thermal gelation of MP. Intrinsic factors related to the properties of protein, such 
as protein conformation and amino acid composition which varies with muscle sources and 
types, affect the structure of a protein gel. Yamamoto and others (1988) reported that longer 
filaments of myosin can form finer, more rigid gel structures. External factors (i.e, heat, 
pH, ionic strength, redox potential, divalent cations, denaturants, processing parameters, 
the presence of other food ingredients) affect the behavior of food proteins. Protein 
concentration has a significant effect on gel firmness and water-holding capacity because 
a critical protein concentration is required to be sufficient for thermal gel formation. The 
critical protein concentration of myofibrillar protein is approximately 0.5%; the higher the 
protein concentration, the firmer the gels formed, which may result from a greater 
possibility of protein-protein interactions during the thermal process to provide the 
potential interlinks as junctions in the gel network (Sun and Holley 2011). The pH and 
ionic strength, influencing charge distribution among amino acids, alter the protein 
solubility and the molecular forces in protein-protein and protein-solvent interactions 
(Ziegler and Foegeding 1990).  
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The isoelectric point (pI) of myosin and actin is approximately 5.3 and 4.8, 
respectively (Smith 2001). With increased pH, the protein is negatively charged with a 
higher repulsive force between proteins within the myofilament, which results in myofibril 
swelling to release more extractable proteins from meat homogenate (Smith 2001). Yasui 
and others (1980) also reported the optimum pH for myosin gelation in 0.6 M KCl was 6. 
Chan and others (2011) reported turkey meat with pH > 6.2 possessed good gelling 
properties, while a softer texture of cooked turkey meat products resulted with pH < 5.8. 
The optimum pH for protein gelling ability varies with different muscle types. For example, 
the pH effect on gelling ability differed for white and red muscle proteins (Fretheim and 
others 1986); for chicken muscle protein gelation in 0.6 M NaCl or KCl, the optimum pH 
was approximately 6 for breast myofibrils and 5.5 for leg myofibrils; for chicken muscle 
homogenates, the  optimum pH for breast muscle was 6.3 and 5.8‒6.3 for thigh muscle 
(Xiong and Brekke 1991). 
Ionic strength alters the morphology of myofibril filaments and the state of myosin, 
influencing the microstructure of the thermal gel as well as gel strength. Myosin molecules 
are released and exist as soluble monomers at high ionic strength (> 0.3 M), whereas 
myofibril filaments composed of myosin exist at low ionic strength (e. g. 0.1‒0.2 M) 
(Xiong and others 2000). Higher ionic strength (> 0.5 M) is generally required to release 
myosin for muscle protein gelation, which is typically achieved by adding 2‒3% salt to 
processed meat products (Xiong 1997).  
The heating temperature and procedure have been shown to affect gel properties. 
A slower heating rate allows proteins to unfold and rearrange prior to interaction, 
producing a firmer gel. Camou and others (1989) reported the gel strength of myosin (> 10 
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mg/mL) decreased when the heating rate was increased from 17 to 38 and 85 °C/h, 
suggesting that a more extensive interaction between polypeptides could be obtained at 
lower heating rates to make a firmer gel network. 
2.4. Protein cross-linking in gelation  
Protein cross-linking, as covalent bonds existing within a protein (intramolecular) 
or between proteins (intermolecular), has a profound effect on food protein functionality 
and influences food properties, including texture, solubility, gelling, and emulsifying 
properties (Gerrard and Cottam 2012). High temperature, oxidizing condition, and 
enzymes can introduce protein cross-linking during processing or storage (Gerrard 2002). 
Producing protein cross-linking for further aggregation is necessary for the formation of 
the protein gel network, therefore, researchers have been studying how to regulate the 
cross-linking for food quality improvement.  
2.4.1. Oxidative cross-linking  
The oxidative modification of protein can introduce protein cross-linking and 
fragmentation, resulting in both conformational changes and polymerization of protein, and 
influence the physical and chemical properties of proteins, such as solubility, 
hydrophobicity, molecular weight, water-holding capacity, and gelation properties (Zhang 
and others 2013b; Lund and others 2011). Mild protein oxidation can enhance hydration 
and myofibril swelling capacity in fresh pork muscle and improve MP gelation properties 
with higher viscoelasticity and gel strength (Liu and others 2010; Li and others 2013; 
Delles and others 2011). Researchers have studied the effect of reactive oxygen species 
(ROS), oxidized polyphenols, pro-oxidative proteins, and by-products of lipid oxidation 
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on muscle protein functionality (Cao and Xiong 2015; Li and others 2012; Xiong and 
others 2010; Feng and others 2017; Tang and others 2017).  
 
2.4.1.1. Hydroxyl radical oxidizing system. Hydrogen peroxide (H2O2) from sterilization 
or bleaching residues can cause food protein oxidation during processing and storage. In 
the presence of iron ions, the hydroxyl radical (•OH) can be converted from H2O2 through 
Fenton reaction as shown in the following equations (Sutton and Winterbourn 1989): 
Fe2+ + H2O2 → Fe3+ + ‒OH + HO• 
Myofibrils and MP oxidized with •OH have been studied to understand the effect 
of ROS-induced oxidation on biochemical and functional properties of muscle proteins in 
vitro (Park and others 2007; Li and others 2012; Xiong and others 2008; Liu and Xiong 
2000; Oueslati and others 2016). For example, H2O2/FeCl2 and H2O2/FeCl3 with ascorbate 
were used to produce •OH oxidized MP; Ferryl from metmyoglobin or hemoglobin with 
H2O2 could generate not only •OH and but also “reactive species” (ferryl oxygen species), 
which also has been explored to modify MP and promote its thermal gelation properties 
(Xiong and others 2010; Frederiksen and others 2008).  
Radical-induced oxidative structural changes of protein involve alteration of amino 
acid side chains, cleavage of the protein backbone, and formation of cross-linking (Figure 
2.4). The oxidative changes in MP results in formation of carbonyl groups, loss of thiol 
groups, and formation of protein cross-linking, e.g. disulfide bonds and dityrosine bonds 
(Lund and others 2011; Chen and others 2016). Due to the oxidative modification of amino 
acid side chains and the development of cross-linking, the protein structure is also altered 
by •OH, leading to the change in hydrophobicity and thermal stability. A greater extent of 
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cross-linking and reduction in thermal stability was found at elevated concentrations of 
H2O2 (0‒10 mM) (Park and others 2007; Chen and others 2016). Li and others (2012) found 
MP started to unfold with increased surface hydrophobicity under mild oxidation (1 mM 
H2O2 for 2 h at 4 °C) and to aggregate in strong oxidative conditions (5‒10 mM H2O2), 
where the aggregation of MP partially shielded this unfolding effect.  
 
Figure 2.4. The most common consequences of protein oxidation. (Adapted from Lund 
and others (2011)) 
All these structural changes and rapid protein–protein interactions induced by •OH 
oxidizing systems altered the thermal gelation properties of protein. Oxidation with •OH 
shifts the cross-linking of myosin from the head-head association to tail-tail aggregation; 
the tail-tail interaction still plays the dominant role in the oxidized MP during thermal 
gelation, suggesting the different thermal gelation mechanism was induced by oxidation 
(Xiong and others 2010; Xiong and others 2008).  
 
2.4.1.2. Pro-oxidant polyphenolic compounds. Polyphenolic compounds are generally 
regarded as antioxidants that protects meat products from the oxidative process and retard 
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lipid oxidation to extend shelf life, however, the pro-oxidative effect toward MP and other 
food proteins has been reported by several studies from phenolic compounds, such as garlic 
acid, chlorogenic acid, tea catechins, and the compounds in rosemary essential oil (Estévez 
and others 2005; Cao and others 2016; Viljanen and others 2004; Utrera and Estévez 2012; 
Feng and others 2017; Tang and others 2017). Antioxidant and pro-oxidant effects coexist 
in phenolic compounds, and the overall effect depends upon concentration, chemical 
structure (such as the number and position of hydroxyl groups), and the model system (the 
extent of oxidation, pH) (Utrera and Estévez 2012; Akagawa and Suyama 2001; Zhou and 
Elias 2013).  
The interaction between pro-oxidant phenolic compounds and food proteins 
produces the modification of protein functional groups and alters the protein structure, 
leading to a change in protein gelation properties. For example, Balange and Benjakul 
(2009) reported oxidized phenolic compounds introduced protein cross-linking with 
increased disulfide bonds, resulting in a finer gel matrix with smaller strands and an 
improved gel strength of mackerel surimi. In addition, Cao and others (2016) claimed 
chlorogenic acid affects porcine MP gelling potential in an oxidizing system, which varied 
with the concentration of chlorogenic acid: lower concentrations of chlorogenic acid (6 and 
30 μmol/g MP) significantly enhanced the MP gelling capacity with increased gel strength 
and viscoelasticity, whereas 150 μmol/g remarkably suppressed the MP gelling process.  
The plausible mechanism proposed by Cao and others (2016) was (1) the phenolic 
compound could be oxidized to form quinones under oxidative stress, which could promote 
the oxidation of thiol and formation of disulfide bonds (SH→SS) to induce protein cross-
linking; (2) carbonyl groups (as the product of protein oxidation) could interact with amino 
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acid residues to form carbonyl-amine linkages as another type of covalent bond in protein 
polymerization; (3) oxidized polyphenolic compound (quinone) could act as a protein 
cross-linker to bind with the free nucleophilic amino acid residue in protein. 
 
2.4.1.3. Lipid oxidation products. In food systems, oxidized lipids can also induce protein 
oxidation. Processed meat products are a mixed system of fat and protein, where the 
hydrophobic region of muscle protein orients toward to the fat globule. The radicals and 
secondary products resulted from lipid oxidation, such as peroxyl radical (ROO•), alkoxy 
radical (RO•), lipid hydroperoxides, malondialdehyde (MDA) and 4-hydroxynonenal 
(HNE), could attack the proteins present in foods (McClements and Decker 2000; 
Mestdagh and others 2011; Sayre and others 2006). Myosin monomer in a free state will 
be readily absorbed in the lipid-water interface and provide protection of emulsions against 
oxidation in meat products (Yang and Xiong 2015). The interaction between oxidized lipid 
and muscle protein has been studied by several researchers. For example, the formation of 
protein cross-links, an increase in carbonyl groups, and a remarkably stronger gel were 
reported in MP with malondialdehyde (MDA) oxidation by Zhou and others (2014b) and 
Wang and others (2016a). Similarly, Chen and others (2016) studied lipid peroxidation 
products (oxidized linoleic acid) inducing oxidative modification of MP from Silver Carp 
and found lower concentrations of oxidized linoleic acid (< 3 mM) promoted myosin 
polymerization and enhanced MP gelling capacity; higher concentrations of oxidized 
linoleic acid (> 5 mM) led to excessive covalent bond formation, resulting in a collapsed 
gel structure.  
 
 
 
17 
 
2.4.2. Enzymatic cross-linking 
2.4.2.1. Enzyme-catalyzed redox reaction. Oxidative cross-linking of protein can also be 
achieved by enzyme-catalyzed redox reactions, such as glucose oxidase and laccase 
(Lantto and others 2005; Matheis and Whitaker 1987; Rasiah and others 2005). Glucose 
oxidase (GluOx) catalyzes the oxidation of glucose to gluconic acid and H2O2, as expressed 
by the following equation: 
 
The H2O2 generated due to the GluOx-catalyzed glucose oxidation has been 
reported to oxidize protein thiols to form disulfide bonds (Gulla and others 2004). The 
GluOx-induced disulfide bonds in rice flour protein improved the textural performance of 
rice bread (Gujral and Rosell 2004). The enhancement of the rheological properties of 
dough with GluOx was also reported by Dunnewind and others (2002), suggesting the 
potential application of GluOx into baked goods. Laccases (EC 1.10.3.2) catalyze the 
oxidation of phenolic compounds, producing radicals. Lantto and others (2005) studied the 
laccase-aided oxidative modification of chicken-breast myofibril proteins and found that 
laccase-induced protein cross-linking contributed to an increased storage modulus (G') of 
laccase-treated protein in high salt conditions (0.6 M NaCl). 
 
2.4.2.2. Transglutaminase. Transglutaminase (TGase) catalyzes the acyl-transfer reaction 
between the γ-carboxyamide group of glutamine residues in protein or peptide and various 
primary amines. If a lysine is the acceptor of acyl, then the transfer of acyl onto the lysine 
residue will form the protein cross-link ε‒(γ‒Glutamyl)-Lysine; if there is no free amine, 
water becomes the acceptor of acyl and the deamidation reaction is catalyzed (Figure 2.5).  
D-Glucose + H2O + O2 D-Gluconic acid + H2O2
Glucose oxidase
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Figure 2.5. Reactions catalyzed by transglutaminase. (Adapted from Kieliszek and 
Misiewicz (2014)) 
TGase catalysis has been reported to induce the cross-linking of muscle, milk, 
legume, cereal, and egg proteins (Buchert and others 2010). Modification of muscle 
proteins by TGase has been explored to enhance protein functionalities such as gelation, 
water-binding, and emulsion stability (Santhi and others 2015). The cross-linking induced 
by TGase could effectively improve the gelation properties of meat proteins and textural 
profile of sausages (i.e. firmness, cooking yield) (Katayama and others 2006). Improved 
accessibility of glutamine and lysine residues by protein oxidation could facilitate TGase-
induced myosin cross-linking (Li and others 2012). Due to the ability to induce protein 
cross-linking and improve protein gelation, the application of TGase in meat and fish 
products, especially restructured meat, attracts much interest. 
 
 
Acyl transfer
Cross-linking
Deamidation
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2.5. Methods of testing protein gelation 
2.5.1. Rheological test 
Rheology is defined as “the study of deformations and flow of matter”, which 
concerns the properties of the material’s reaction to deformation and flow, i.e. the 
relationship between the stress and the resulting deformation and flow (Tabilo-Munizaga 
and Barbosa-Cánovas 2005). Rheological testing is a useful tool in the study of protein 
gelation and has been widely used in many works to predict food texture quality (Tronsmo 
and others 2003; Zhang and others 2013a).  
Rheological measurement provides a way to record the changes and identify 
viscoelastic behavior of a protein with temperature or time during thermal gelation. In the 
oscillatory test (Figure 2.6), sample is placed between two plates and subjected to a 
sinusoidal oscillating stress or strain (γ = γo sin ωt). In an ideal elastic solid, the stress is 
proportional to the strain with a phase angle δ = 0; in a viscous fluid, the stress is 
proportional to the rate of strain deformation with a phase angle δ = π/2; for viscoelastic 
materials, the stress response is related to the properties of material by ϭ (t) = G' (ω) γo sin 
ωt + G'' (ω) γo cos ωt (Weitz and others 2007). The frequency dependent storage modulus 
(G', elasticity), loss modulus (G'', viscosity), and the ratio of viscous to elastic modulus 
(tan δ = G''/G') were used to characterize the properties of viscoelastic food materials.  
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Figure 2.6. Schematic representation of a typical rheological test. (a) Sample is placed 
between two plates; (b) Schematic stress response to oscillatory strain deformation in 
different materials (elastic solid, viscous fluid, and viscoelastic material) (Weitz and others 
2007).  
Westphalen and others (2005) used dynamic rheological testing at a fixed frequency 
to explore the influence of pH on gelation characteristics of MP during the heating process 
(20 to 85 °C at a rate of 1 °C/min). Chin and others (2009) applied TGase to cross-link 
porcine MP in different salt concentrations and analyzed the rheological properties of 
cross-linked proteins, suggesting TGase cross-linking significantly improved both the 
elasticity and gel strength of MP sols. 
2.5.2. Mechanical test 
Although rheological testing provides fundamental parameters (e.g. storage and 
loss moduli), empirical parameters correspond more to the sensory properties and food 
processing such as those provided by penetration testing  (Tabilo-Munizaga and Barbosa-
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Cánovas 2005). A typical puncture curve of a surimi gel is shown in Figure 2.7, as defined 
by when a probe penetrates the sample to a required depth (Weitz and others 2007). The 
force required to rupture a gel is normally defined as the gel firmness or strength. Other 
parameters, such as force required to deform a gel within a limited amount of force without 
breaking, can also be used to describe the gel properties (Phillips and others 1990). A flat 
surface probe was typically used to test the MP gel strength (Li and others 2012; Chou and 
Lin 2010). 
 
Figure 2.7. Typical puncture curve of a meat gel (surimi) (Tabilo-Munizaga and Barbosa-
Cánovas 2005) 
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CHAPTER 3 
CONTROLLED CROSS-LINKING WITH GLUCOSE OXIDASE FOR THE 
ENHANCEMENT OF GELLING POTENTIAL OF PORK MYOFIBRILLAR 
PROTEIN 
3.1. Summary 
Differential oxidative modifications of myofibrillar protein (MP) by hydroxyl 
radicals generated in an enzymatic system with glucose oxidase (GluOx) in the presence 
of glucose/FeSO4 versus a Fenton system (H2O2/FeSO4) were investigated. Pork MP was 
modified at 4 °C and pH 6.25 with hydroxyl radicals produced from 1 mg/mL glucose in 
the presence of 80, 160, or 320 µg/mL GluOx and 10 μM FeSO4. Total sulfhydryl content, 
solubility, cross-linking pattern, and gelation properties of MP were measured. The H2O2 
production proceeded linearly with the concentration of GluOx and increased with reaction 
time. GluOx- and H2O2-dose dependent protein polymerization, evidenced by faded 
myosin heavy chain and actin in SDS−PAGE as well as significant decreases in sulfhydryls, 
coincided with protein solubility loss. Firmer and more elastic MP gels were produced by 
GluOx than by the Fenton system at comparable H2O2 levels due to an altered radical 
reaction pathway. 
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3.2. Introduction 
Gel-forming capacity of muscle protein plays an essential role in the texture-
forming properties of processed meats (Sun and Holley 2011). Thermally-induced protein 
gelation in meat products can stabilize the colloidal matrix of lipid, water, and salt with its 
interconnected cage-like unit structure (Gordon and others 1992). Myofibrillar protein 
(MP), predominantly myosin, is the main gelling component in processed muscle foods, 
therefore has been extensively studied in model systems for its functional role in the 
rheology and texture of comminuted and restructured meat products (Tolano-Villaverde 
and others 2016).  
In the process of gel formation, native protein molecules are unfolded upon heating, 
which leads to progressive aggregation to form a highly viscoelastic network of polymers 
capable of withholding water, namely, a gel (Totosaus and others 2002). The latter involves 
hydrophobic and electrostatic interactions, hydrogen bonds, van der Waal's interactions, 
and covalent bonds, including disulfide (Xiong 1997). In a meat emulsion (batter), these 
physicochemical forces impart attraction between myosin in the continuous phase and 
myosin comprising the fat globule interfacial membrane (Wu and others 2009), 
contributing to the stabilization of lipid and immobilization of water in cooked comminuted 
meat (Jongberg and others 2015). Intermolecular disulfide cross-linkages via oxidation of 
protein thiol groups have been found to directly influence hardness of cooked meat (Lund 
and others 2007). As reviewed by Lund and others (2011), oxidative structural 
modification can enable characteristic protein networks, therefore may provide an 
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interesting means to control the texture and rheological properties of muscle foods for 
optimal palatability and stability.  
Reactive oxygen species (ROS), including hydrogen peroxide (H2O2), superoxide 
anion (O2-), and hydroxyl radical (•OH), have been investigated as oxidants to modify the 
structure of muscle proteins and their functionality(Aewsiri and others 2009; Martinaud 
and others 1997; Xiong and others 2010). Furthermore, oxidized lipids are implicated in 
protein oxidation during meat processing, thereby affecting the textural properties of meat 
products (Utrera and others 2014). Free radicals of lipid peroxidation and lipid oxidation 
products, for example, malondialdehyde (MDA), have been shown to promote MP gelation 
(Zhou and others 2014a). Phenolic compounds, either as natural constituents of herbs and 
spices or as purified extracts, are also capable of modifying MP gelation through oxidative 
mechanisms. For example, chlorogenic acid has been reported to promote MP oxidation, 
mediating gel formation of oxidatively stressed MP (Estévez and Heinonen 2010; Cao and 
Xiong 2015). On the other hand, in packaged meat, high-oxygen modified atmospheres 
promote protein disulfide cross-linking and increase the toughness of pork, beef, and lamb 
(Jongberg and others  2014; Kim and others 2012; Lund and others 2007; Zakrys-
Waliwander and others 2012).  
Exposures of MP to •OH generated from H2O2/Fe2+ induce remarkable structural 
changes in a H2O2-dose-dependent manner, and mild oxidation by •OH has been shown to 
promote the gel network formation of MP (Xiong and others 2010). The Fenton oxidative 
modification also can significantly enhance hydration of muscle although this does not 
necessarily improve water holding (Liu and others 2010). In addition, structural unfolding 
induced by oxidation facilitates myosin cross-linking by transglutaminase (Li and others 
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2012). Moreover, the extent of protein modification required to elicit significant MP 
functionality improvement can occur at very low oxidant concentrations, for example, < 1 
mM H2O2 (Li and others 2012), or before the onset of lipid oxidation (Yang and Xiong 
2015). For these reasons, a controllable method to achieve deliberate mild oxidation could 
be beneficial to meat textural modification and be potentially useful in industrial 
applications. 
Glucose oxidase (GluOx; EC number 1.1.3.4), a commercial food industry enzyme, 
catalyzes the specific oxidation of glucose into gluconic acid while producing H2O2 (Wong 
and others 2008). It can be used as a substitute of H2O2 for different food application, for 
example, in baking to introduce intermolecular disulfide cross-linking for an improved 
dough performance (Steffolani and others 2010). We hypothesize that by slowly generating 
H2O2 which is then converted to •OH, GluOx may allow controllable oxidative 
modification of MP in such a way that is conducive to gelation (Figure 3.1). Hence, the 
objective of this study was to investigate differential oxidative modifications of MP by 
•OH generated with the GluOx method compared to a Fenton system (H2O2/FeSO4). The 
consequential cross-linking and gelling properties of MP were assessed to investigate the 
efficacy of GluOx as an alternative gelation promoter.  
3.3. Materials and methods 
3.3.1. Materials 
Porcine Longissimus lumborum (48 h post-mortem) muscle was collected at the 
University of Kentucky Meat Laboratory, a USDA-approved facility. The loin muscle 
samples were vacuum packaged, stored in a –30 °C freezer, and used within 6 months. No 
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measurable lipid and protein oxidation due to storage was noted in the samples in our 
preliminary evaluations. Glucose oxidase was donated by Ajinomoto Co., Inc. (Kawasaki, 
Japan). MP was isolated from muscle thawed at 4 °C by washing with a buffer of 10 mM 
sodium phosphate, 0.1 M NaCl, 2 mM MgCl2, and 1 mM EGTA at pH 7.0 (Park and others 
2007). The MP pellet was washed 2 more times with 0.1 M NaCl, and the protein 
concentration was measured by the Biuret method using bovine serum albumin as a 
standard (Gornall and others 1949). 
3.3.2. H2O2 generation via glucose oxidase pathway 
The amount of hydrogen peroxide, produced from glucose by the catalysis of 
GluOx, was measured on the principle of iodine oxidation in the presence of ammonium 
molybdate (Graf and Penniston 1980). Briefly, mixtures of 1 mg/mL glucose and 0, 5, 10, 
20, 40, 80, 160, or 320 µg/mL GluOx (all final concentrations) were prepared in pre-chilled 
(4 °C) 15 mM piperazine–N,N–bis(2–ethanesulfonic acid) (PIPES) buffer with 0.6 M NaCl 
at pH 6.25. The mixtures were incubated at 4 °C for 2, 12, and 24 h. At the end of each 
incubation time, 100 µL of reaction solution was sampled and mixed into 2 mL of 50 mM 
HCl, followed by the addition of 0.2 mL of 1 M KI then 0.2 mL of 1 mM ammonium 
molybdate in 0.5 M H2SO4. After setting for 20 min, 0.2 mL of 50 mg/mL starch solution 
was added, and the absorbance at 570 nm was measured after 20 min. A hydrogen peroxide 
standard curve (0–30 mg/mL H2O2) was established. 
3.3.3. Oxidative modification of MP 
Enzymatic •OH-producing reagents (GluOx/glucose/FeSO4) comprised of final 
concentrations of 80, 160, and 320 µg/mL GluOx, 1 mg/mL glucose, and 10 µM FeSO4 
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were added to a 20 mg/mL MP suspension in 15 mM PIPES buffer (pH 6.25) with 0.6 M 
NaCl at 4 °C. For direct chemical oxidation, •OH-producing reagents with 0.25, 0.5, 1, and 
2 mM H2O2 and 10 µM FeSO4 (all final concentrations) were added to the same 20 mg/mL 
MP suspension as above. For both oxidation systems, MP samples were oxidized up to 24 
h, and the oxidation was terminated by the addition of propyl gallate/Trolox/EDTA (1 mM 
each). As a separate control, the same 20 mg/mL MP suspension without oxidation was 
incubated with 0–2 mM gluconic acid for up to 24 h. All control and treated MP samples 
were kept in an ice slurry before analysis within 2 h. 
3.3.4. Measurement of oxidative changes in MP 
Control and oxidatively modified MP samples were diluted to 2 or 4 mg/mL with 
25 mM PIPES (pH 6.25) containing 0.6 M NaCl and then subjected to thiol content and 
solubility measurement. In addition, sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS–PAGE) was performed to determine the type and extent of covalent 
cross-linking induced by oxidants. 
 
3.3.4.1. Total sulfhydryls. Total free sulfhydryl content (in a 4 mg/mL MP solution) was 
measured using the 5,5'-dithio-bis (2-nitrobenzoic acid) (DTNB) reagent as detailed by Liu 
and others (2000). A 0.5 mL aliquot of diluted sample with 100 mM phosphate buffer (pH 
7.4) is dissolved in 2 mL urea–SDS solution (8 M urea, 3% SDS in 100 mM phosphate 
buffer, pH 7.4) and then mixed with 0.5 mL DTNB solution (10 mM, in 100 mM phosphate 
buffer, pH 7.4). After incubation for 15 mM in the dark at room temperature, the 
absorbance of solution at 412 nm was read. A molar extinction coefficient of 13600 M–
1cm–1 was used for sulfhydryl calculation. 
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3.3.4.2. Solubility. MP sample solutions (2 mg/mL) were centrifuged at 5000g for 15 min 
at 4 °C. Protein solubility was defined as the protein concentration of the supernatant 
divided by that of the original myofibril suspension. 
 
3.3.4.3. Electrophoresis. SDS–PAGE was run according to Laemmli (1970) with a 4% 
polyacrylamide stacking gel and a 12% polyacrylamide separating gel to observe original 
myofibrillar constituents and cross-linked protein polymers. MP samples (4 mg/mL protein) 
were mixed with an equal volume of SDS–PAGE sample buffer with or without 10% β–
mercaptoethanol (βME) and then boiled for 3 min. To each sample well, 50 µg protein was 
loaded. After running, the gels were stained for 1 h with 0.1% Coomassie brilliant blue 
R250 in 50% methanol and 6.8% acetic acid, and subsequently destained with 5% methanol 
and 7.5% acetic acid. Pixel intensity of myosin heavy chain (MHC) and actin was measured 
with the UN-SCAN-IT software (Silk Scientific, Orem, UT). The relative reduction of 
MHC and actin bands in samples after treatment with Fenton-H2O2 or GluOx-H2O2 was 
calculated using the following formula: 
Relative reduction (%) = Pixel intensity in MP control – Pixel intensity in sample
Pixel intensity in MP control
×100. 
3.3.5. Evaluation of gelation properties 
Oxidized and non-oxidized MP sols containing 20 mg/mL protein in 15 mM PIPES 
buffer (pH 6.25) with 0.6 M NaCl were deaerated by centrifugation at 2000g for 2 min then 
set overnight at 4 ºC to allow a protein solubility equilibrium before heating to initiate 
gelation (Xiong and Brekke 1989). A dynamic non-disruptive rheological measurement 
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with a small-strain oscillation mode was performed. Moreover, a large-strain extrusion test 
was conducted to analyze the fracture properties of the MP gels.  
 
3.3.5.1. Dynamic rheology measurement. MP sols (20 mg/mL protein) were subjected to 
oscillatory shear analysis with a Model 100 CVO rheometer (Malvern Instruments, 
Westborough, MA) to investigate gel structure formation during the sol-to-gel 
transformation upon heating. An appropriate amount of protein sol was loaded between 2 
parallel plates (upper plate: 30 mm diameter) and heated from 20 to 75 °C at a 1 °C/min 
heating rate. The shear force of heated samples was measured using a fixed frequency of 
0.1 Hz and a controlled maximum strain of 0.02. In order to prevent dehydration, a thin 
layer of silicone oil was applied to the exposed edge of the gelling samples. Changes in the 
storage modulus (G′, an elastic force) and loss modulus (G", a viscous force) were recorded. 
 
3.3.5.2. Extrusion for gel strength testing. Aliquots of 5 g of MP sols (20 mg/mL protein) 
were carefully transferred into glass vials (16 mm diameter) then heated from 20 °C to a 
final temperature of 75 °C at a rate of 1 °C/min in a water bath to form gels. After heating, 
gels in the vials were immediately chilled in an ice slurry for 12 h. Afterwards, the vials 
were allowed to equilibrate at room temperature (22 °C) for at least 1 h. A flat-surface 
aluminum probe (14.8 mm diameter) was used to slowly (20 mm/min) penetrate into the 
gel. The initial force required to disrupt the gel was designated as the gel strength.  
3.3.6. Statistical analysis 
 Experiments were conducted with two independent trials (n = 2, except for gel 
strength, n = 3) each with a new batch of isolated MP. Triplicate samples were analyzed. 
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Data were subjected to the analysis of variance (ANOVA) using Statistix software 9.0 
(Analytical Software, Tallahassee, FL) in a general linear model’s procedure. Significant 
differences (P < 0.05) between means were identified by LSD all pair-wise multiple 
comparisons.  
3.4. Results and discussion 
3.4.1. Enzymatic H2O2 production 
The catalytic production of H2O2 from glucose by GluOx is a time-dependent 
process. As shown in Figure 3.2, formation of H2O2 generally increased with the reaction 
time, exhibiting a generally linear trend with the addition of GluOx at above 50 μg/mL for 
reactions times of 12 and 24 h. However, with 2 h of reaction, the amount of H2O2 produced 
by 80–320 µg/mL GluOx from 1 mg/mL glucose leveled off at approximately 0.2 mM. As 
expected, the concentration of H2O2 increased with the reaction time, i.e., 24 h > 12 h > 2 
h. Based on these H2O2 production results and the stoichiometry of substrate-to-product 
conversion (Figure 3.1), a chemical oxidation system with the direct application of 0–2 
mM H2O2 and a control system with 0–2 mM gluconic acid were designed as equivalent 
chemical systems for effect comparison with enzymatically produced GluOx-H2O2 in 
subsequent MP modification experiments. 
3.4.2. Oxidation-induced changes in thiol groups and protein solubility 
Of the amino acid residue side chain groups in muscle foods, sulfhydryls (SH) from 
cysteine residues are the most sensitive group to oxidative modification with disulfide (S–
S) bonds being the most common end product (Nieto and others 2013). In the chemical 
oxidation solutions with 0–2 mM H2O2/FeSO4 (Fenton-H2O2 treatment), total free SH 
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content in MP decreased progressively (P < 0.05) from 51 to 46 nmol/mg protein (Figure 
3.3A). This oxidation system has been shown to cause significant MP tertiary structural 
changes with simultaneous formation of carbonyl and disulfide derivatives (Park and others 
2007).  
In a similar but more pronounced fashion, the GluOx oxidizing system (with 
glucose/FeSO4) that generated comparable amounts of H2O2 to the Fenton system reduced 
total free SH in MP from 51 to 37 nmol/mg protein within 24 h (P < 0.05). As expected, 
the addition of gluconic acid, one of the end products of GluOx catalysis, to non-oxidant 
MP solution was confirmed to have no lowering effect on SH content (P > 0.05). Therefore, 
the more pronounced SH decrease by GluOx was caused by a more sustainable supply of 
•OH. Liu and others (2007) have reported that in the Fenton reaction, the concentration of 
H2O2 added in a single dose gradually attenuates with reaction time. Thus, the sudden 
exposure to the initial high concentration of H2O2 makes MP vulnerable to attack by •OH 
and HO2•.  Therefore, continuous feeding of smaller quantities of H2O2 generated in the 
GluOx oxidizing system would ensure a sustained •OH supply thereby enabling a steady 
oxidative SH modification. It is noteworthy that high concentrations of H2O2 produced in 
enzyme aqueous systems could oxidatively damage GluOx leading to decreased enzyme 
activity and oxidation efficacy (Kleppe 1966). Krishnaswamy and Kittrell (1978) have 
estimated that the inactivation constant of GluOx due to the presence of oxygen (which 
converts reduced GluOx to the less active form, oxidized GluOx) increases from 0.024 to 
0.039 h-1 when 1.0 mM H2O2 is added to the solution. It is noted that in the present study, 
the H2O2 production corresponding to the GluOx dosage (Figure 3.2) was obtained without 
the presence of MP. Because proteins will consume both H2O2 and iron-converted •OH, in 
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the MP samples, myosin and other myofibrillar components would conceivably protect the 
enzyme, thereby allowing more sustainable enzymatic H2O2 production than the system 
without MP. Therefore, the 80–320 µg/mL GluOx-H2O2 oxidizing systems in Figure 3.3 
would probably produce more than 0.7–1.0 mM H2O2 and oxidize MP more effectively.  
Between two myosin heavy chains (MHC), both intermolecular and intramolecular 
S–S bonds can be formed since cysteine residues are transversely positioned in the tail of 
MHC, and several others located in the global head are quite accessible (Rysman and others 
2014). The formation of intermolecular S–S bonds has received much attention due to their 
intimate involvements in protein polymer and entanglement network formation and in the 
textural characteristics of processed muscle foods (Gyarmati and others 2013; Wu and 
others 2011). Extremely large protein polymers and aggregates formed via excessive S–S 
linkages and intramolecular reactions resulting from quick and strong Fenton-H2O2 would 
bury reactive thiol groups or prevent •OH attack due to steric hindrance.  
Covalent interactions through disulfide bond formation have been shown to lead to 
protein aggregation affecting protein structural stability and solubility (Cromwell and 
others 2006). No significant difference in solubility was detected between control and 
gluconic acid treatment (P > 0.05), while a solubility decrease in GluOx-H2O2 treatment 
was more noticeable (P < 0.05) than that in Fenton-H2O2 treatment (Figure 3.3B). The 
solubility loss appeared to be well correlated with the formation of disulfides by both 
Fenton and GluOx, deduced from the decreased SH content that was displayed in Figure 
3.3A.  
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3.4.3. Electrophoretic evidence of differential cross-linking 
 Protein polymerization upon exposure to Fenton or GluOx •OH-generating 
oxidants was evaluated by SDS–PAGE (Figure 3.4). MP samples treated with >0.5 mM 
H2O2 and 80–320 µg/mL GluOx without β–mercaptoethanol (βME) contained 
considerable amounts of cross-linked polymers that occupied the top of the stacking gel. 
These oxidation-induced aggregates were quantitatively related to H2O2 and GluOx 
concentrations. Simultaneously, the gradual disappearance of MHC and actin became 
accentuated compared to control MP (Figure 3.4A and 3.4C). The relative reduction of 
MHC in samples without βME rose from 11.5% to 27.9% with increasing the concentration 
of H2O2 in Fenton, and from 11.3% to 32.9% with increasing the concentration of GluOx 
that produced comparable amounts of H2O2 as in Fenton. Meanwhile, the loss of actin 
increased from 12.0% to 24% in Fenton-H2O2 treatments and from 17.1% to 32.1% in the 
GluOx-H2O2 counterpart treatments. MHC and actin in the samples were mostly recovered 
by reaction with the disulfide-breaking agent βME with which the relative loss of MHC 
and actin decreased to 3.4–10.2% and 3.7–13.1% in these chemical and enzymatic •OH-
oxidizing systems, respectively (Figure 3.4B and 3.4D). The dominant role of S–S in the 
oxidant-induced polymerization of MP as evidenced by the SDS–PAGE confirms that 
disulfide was the primary product of SH oxidation shown in Figure 3.3A.  
Except for S–S bonds, the carbonylation of MP in oxidation could contribute to 
cross–links via Schiff base formation; Dityrosine was also involved in the cross-linking of 
oxidized proteins.(Villaverde and Estévez 2013; Xiong and others 2008) The relative 
reduction of MHC and actin in samples treated with βME (Figure 3.4B and 3.4D) provided 
evidence of covalent bonds other than S–S linkages. After subtracting the effect from the 
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“other covalent bonds” in the samples with βME, the contribution of S–S in the relative 
reduction of MHC and actin can be calculated, expressed as ∆MHC and ∆actin. The much 
reduced ∆MHC and ∆actin values with βME quantitatively indicate S–S cross-linking was 
a predominant force in the polymers generated from oxidation (Figure 3.4A and 3.4C). The 
intensity of the newly formed polymers on the top of the stacking gel with 0.7–1.0 mM 
H2O2 produced by the oxidative enzyme (80–320 µg/mL GluOx, Figure 3.4C) appeared to 
be similar to that induced by 2 mM H2O2 in the direct Fenton system (Figure 3.4A). This 
finding was comparable with the relative reduction of MHC, namely, no significant 
difference in effect was found between 80–320 µg/mL GluOx and 2 mM H2O2 treatments.  
3.4.4. Thermorheological behavior of oxidatively modified MP 
The association of polypeptides through covalent linkages influences the 
hydrodynamic characteristics of the protein system, which can have a profound effect on 
the functional properties of muscle food. The rheological profiles of MP oxidatively 
stressed under Fenton chemical H2O2 and GluOx-H2O2 are compared for elastic behavior 
(G') (Figure 3.5A vs. Figure 3.5C) and viscous characteristics (G") (Figure 3.6A vs. Figure 
3.6C). The plots are from representative samples of 24 h oxidation that were subjected to 
thermal sol-to-gel transformation. Because gluconic acid is an end product of glucose 
oxidation, its potential influence on MP gelation was also tested, and the results are 
displayed in Figure 3.5B (G') and Figure 3.6B (G").  
During heating from 20 to 75 °C, all MP samples showed two major G' peaks 
(around 45 and 55 °C) providing evidence of dynamic formation of an elastic gel network 
involving different polypeptides (Figure 3.5). The G" curve rapidly ascends at 
approximately 38 °C (Figure 3.6) producing a single transition with a maximum (peak) 
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temperature of 1–2 °C less than that of G' (first peak) of the corresponding samples. 
Because G" is a measure of hydrodynamic bulkiness of a polymer, the increased value 
signifies protein denaturation (unfolding). The exposure of hydrophobic groups promotes 
the interaction of myosin, resulting in an enhanced elasticity of the protein semi-gel and 
gel system (Xiong and Blanchard 1994). The peak temperature for G" was reduced from 
44.8 °C (control) to 42.8 °C with 320 µg/mL GluOx (or 1.08 mM H2O2 produced) (Figure 
3.6C), but there was no G" transition shift due to Fenton-H2O2 treatment (Figure 3.6A). 
Covalent bonds that formed during GluOx-H2O2 modification with a slower reaction rate 
might cause gradual exposures of hydrophobic patches to form non-covalent aggregation 
and earlier denaturation during thermal treatment.  
The MP samples treated with GluOx, which produced 0.72–1.08 mM H2O2, 
displayed higher magnitude G' and G", both at the transitions and at the end of heating 
(75 °C), than those treated with Fenton-H2O2 at the same concentration range. Egelandsdal 
and others (1986b) attributed the first G' peak to the aggregation of heavy meromyosin, 
and the second peak to the formation of permanent, irreversible myosin filaments or 
complexes that involves light meromyosin and all other MP components. Yongsawatdigul 
and Park (2004) also suggested that as the temperature continuously increased to 46 °C, 
entanglements of unfolded actomyosin occurred to facilitate gel network formation, 
resulting in an overall higher G' value. With an increasing level of GluOx treatment, both 
rheological attributes became more pronounced. Furthermore, the higher the dosage of 
GluOx, the earlier the unfolding and network development began (shown by the downward 
shift of the initial G" and G' peaks from about 44.8 to 42.7 °C, P < 0.05), and a more 
viscoelastically distinctive gel at the end heating temperature.  
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In contrast, although the G' value of all Fenton-H2O2-treated MP samples rose 
significantly (P < 0.05) when compared with nonoxidized control MP (Figure 3.5A), the 
effect attenuated rather quickly with increasing the concentration of H2O2 from 0.25 to 2 
mM. The results confirmed a previous observation that mild oxidation was promotive of 
protein gelation, whereas strong oxidation hampered the ability of MP to form an ordered 
gel network (Xiong and others 2010). The discrepant response of MP to •OH generated 
from the enzyme pathway (GluOx-H2O2) compared to the chemical (Fenton-H2O2) system 
may be explained, as described earlier, because H2O2 was gradually produced with GluOx, 
while in Fenton, H2O2 was mixed into MP samples in a burst. The slow release of H2O2 in 
the GluOx system would allow a gentler oxidative modification of MP than in the 
considerably much faster Fenton chemical reaction. It has long been proposed that the 
initial step of the MP gelation process, i.e., structural unfolding, must be sufficiently slow 
to allow exposed reactive groups from different protein molecules to orient and align with 
each other if a well-structured gel matrix is to be built (Ziegler and Foegeding 1990). This 
seems to apply to the GluOx treatment in the present study. 
Intermolecular disulfide bonds during heat treatment are considered to be vital for 
textural development that occurs in comminuted meat during cooking (Singh 1991). Nieto 
and others (2013) reported that free sulfhydryls may only decrease in quantity to a certain 
level in oxidation and not all free cysteine residues in MP possessed similar reactivity. 
They suggested that some of the free SH groups were occluded inside the core of the protein, 
hence, protected from oxidation. Moreover, reburying of cysteine residues within the MP 
aggregates, which occurred in the strong Fenton-H2O2 oxidation system, would further 
prevent reactive SH from participating in cross-linking and gel formation. An extensive 
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blockage of thiol groups during the final stage of gelation is believed to be a primary factor 
for reduced stress-at-fracture of protein gels (Visschers and de Jongh 2005). This is because 
SH/S–S interchanges are important for protein structural rearrangements on the submicron 
level, without which it may be difficult if not impossible to form a filamentous gel network 
conducive to a high viscoelasticity (Xiong and Kinsella 1990). 
Interestingly, gluconic acid at 1 and 2 mM levels promoted MP gelation (Figure 
3.5B). Its effect can be assigned to the polar polyols (hydroxyls) and the anionic carboxyl 
group; both can mediate protein–protein interactions. Notwithstanding, neither gluconic 
acid nor Fenton-H2O2 was able to produce as much gel-reinforcement effect as GluOx-
H2O2. For example, the maximum gain (∆) in G' at 75 °C for gluconic acid (2 mM) and 
Fenton-H2O2 (0.25 mM) was, respectively 51.1 Pa (Figure 3.5B) and 42.3 Pa (Figure 3.5A), 
whereas GluOx-H2O2 (1.08 mM) oxidative modification achieved the greater improvement 
for G' at 75 °C (∆GluOx = 106.0 Pa) (Figure 3.5C). As aforementioned, some ordering of 
protein filaments is beneficial for the formation of a strong gel (Egelandsdal and others 
1986a). The new disulfide bonds formation in sols by the slower GluOx-H2O2 oxidation 
appeared to induce sufficient unfolding and proper structural alignments for an initial 
ordered aggregate matrix, and this would allow redistributions of intermolecular forces to 
contribute to the viscoelastic enhancement of the MP gel. 
3.4.5. Gel strength 
Newly formed disulfide bonds, which tether the aggregates that lower the solubility, 
could potentially facilitate structural formation of an entangled protein matrix for gelation 
(Visschers and de Jongh 2005)  To test the structural properties of formed MP gels, ‘set 
gels’ (cooked then chilled) were subjected to extrusion and the initial rupture force 
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recorded. As shown in Figure 3.7A, gels prepared from oxidized MP by Fenton-H2O2 
exhibited no detectable difference in structural strength (P > 0.05). However, upon GluOx-
H2O2 oxidative treatments, MP gel strength increased substantially (P < 0.05) with 
oxidation time from 12 to 24 h and enzyme dosage from 80 to 320 µg/mL when more H2O2 
was produced (see data points corresponding to rising H2O2 concentration, 0.5–1.1 mM) 
(Figure 3.7B). The maximum increase was 2.3 fold of the control MP sample. There was 
no obvious change for 2 h oxidation (P > 0.05). A nominal gain (0.05 N) in gel strength 
with the maximum level of gluconic acid addition was noted, but the effect was negligible. 
In the GluOx-H2O2 system, the concentrations of H2O2 produced over 0–24 h 
corresponding to the specific enzyme levels were plotted to distribute the enzymatically 
produced H2O2 concentration effect. The results indicate a good agreement with the 
rheological properties of the same MP samples with GluOx-H2O2 treatments (Figure 3.6C) 
showing an overall benefit of an enzymatic approach to enhance the gelling potential of 
MP. Even though it is not entirely clear what specific forces were involved, S–S bridges 
ostensibly played a major role in improving the gelation properties in the GluOx-H2O2 
system. Enhancing the gelation properties of MP through controllable oxidative 
modification can therefore be achieved through manipulation of the reaction time and 
GluOx application level. 
3.5. Conclusion 
The advantage of progressive oxidation via the GluOx-mediated H2O2 pathway 
over Fenton-H2O2 oxidation is demonstrated and explainable by the mechanism of slow 
and controllable reactions. Such oxidative modification has potential application in muscle 
 
 
39 
 
food processing where deliberate protein structural changes conducive to optimal 
functionality are desirable. The GluOx/glucose/Fe oxidizing system can induce appropriate 
structural changes, increase the coordination of protein–protein associates and aggregates, 
therefore, facilitate the formation of ordered protein matrices for elastic gel networks. It 
remains unclear whether disulfide bonds produced in different oxidizing systems are 
formed in the junction zone in the gel network, or whether they simply contribute to the 
increase in effective chain length in the MP sols that subsequently further aggregate to 
reinforce the gel structure during thermal treatment. Further research is warranted to 
explore the roles of disulfide bonds in the variation of size and shape of MP aggregates 
from deliberate mild oxidation by GluOx-H2O2 for enhanced gelation properties. 
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Figure 3.1. Schematic representation for the proposed mechanism of glucose oxidase-
induced cross-linking and gelation of myofibrillar protein. LH: lipid molecule; P–SH: 
protein sulfhydryl; P–S–S–P: cross-linked proteins with disulfide bond. 
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Figure 3.2. Production of hydrogen peroxide (H2O2) from 1 mg/mL glucose in the presence 
of different concentrations of glucose oxidase as a function of reaction time (2, 12, and 24 
h).  
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Figure 3.3. Changes in the sulfhydryl content (A) and protein solubility (B) of myofibrillar 
protein samples after treatment with Fenton-H2O2 (0–2 mM H2O2/10 µM FeSO4), 
enzymatically generated GluOx-H2O2 (0–320 µg/mL glucose oxidase/1 mg/mL glucose/10 
µM FeSO4), or 0–2 mM gluconic acid. Means without a common letter (a–g; A–F) differ 
significantly (P < 0.05). 
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Figure 3.4. SDS–PAGE patterns of myofibrillar protein after treatments with Fenton- 
H2O2 (0–2 mM H2O2/10 µM FeSO4, A and B) and enzymatically generated GluOx-H2O2 
(0–320 µg/mL glucose oxidase/1 mg/mL glucose/10 µM FeSO4, C and D). Protein samples 
were prepared in presence (+βME) or absence (–βME) of 10% β–mercaptoethanol. Lane 
MW = molecular weight (kDa) marker; MHC: myosin heavy chain. ∆= Relative reduction 
of pixel intensity (sample without βME – sample with βME). Means without a common 
letter (a–g; A–K) differ significantly (P < 0.05).  
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Figure 3.5. Representative storage modulus (G') development of myofibrillar protein 
during thermal gelation. Prior to gelation, protein samples were treated 24 h with Fenton- 
H2O2 (A: 0–2 mM H2O2/10 µM FeSO4), 0–2 mM gluconic acid (B), or enzymatically 
generated GluOx- H2O2 (C: 0–320 µg/mL glucose oxidase/1 mg/mL glucose/10 µM 
FeSO4). Calculated differences (∆): between highest G' and the control for each treatment; 
GA: gluconic acid.   
(A) Fenton-H2O2
(B) Gluconic acid
(C) GluOx-H2O2
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Figure 3.6. Loss modulus (G") development of myofibrillar protein during thermal 
gelation. Prior to gelation, protein samples were treated with Fenton-H2O2 (A: 0–2 mM 
H2O2/10 µM FeSO4), 0–2 mM gluconic acid (B), or enzymatically generated GluOx- H2O2 
(C: 0–320 µg/mL glucose oxidase/1 mg/mL glucose/10 µM FeSO4). Tmax (temperature of 
maximum G" peak) shift ∆ = Tmax of treatment – Tmax of control; GA: gluconic acid. 
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Figure 3.7. Gel strength of myofibrillar protein subjected to treatments with Fenton- 
H2O2 (A: 0–2 mM H2O2/10 µM FeSO4), enzymatically generated GluOx- H2O2 (B: 0–
320 µg/mL glucose oxidase/1 mg/mL glucose/10 µM FeSO4, 0–24 h) in a composite plot 
where the effect of 0–2 mM gluconic acid is also displayed. Means without a common 
letter (a–d) differ significantly (P < 0.05). Calculated differences (∆): between highest gel 
strength and the control.  
(A)
(B)
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CHAPTER 4 
RHEOLOGICAL ENHANCEMENT OF PORK MYOFIBRILLAR PROTEIN–
LIPID EMULSION COMPOSITE GELS VIA GLUCOSE OXIDASE 
OXIDATION/TRANSGLUTAMINASE CROSS-LINKING PATHWAY 
4.1. Summary 
Porcine myofibrillar protein (MP) was modified with glucose oxidase (GluOx)–
iron that produces hydroxyl radicals then subjected to microbial transglutaminase (TGase) 
cross-linking in 0.6 M NaCl at 4 °C. The resulting aggregation and gel formation of MP 
were examined. The GluOx-mediated oxidation promoted the formation of both soluble 
and insoluble protein aggregates via disulfide bonds and occlusions of hydrophobic groups. 
The subsequent TGase treatment converted protein aggregates into highly cross-linked 
polymers. MP–lipid emulsion composite gels formed with such polymers exhibited 
markedly enhanced gelling capacity: up to 4.4-fold increases in gel firmness and 3.5-fold 
increases in gel elasticity over non-treated protein. Microstructural examination showed 
small oil droplets dispersed in a densely packed gel matrix when MP was oxidatively 
modified, and the TGase treatment further contributed to such packing. The enzymatic 
GluOx oxidation/TGase treatment shows promise to improve the textural properties of 
emulsified meat products. 
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4.2. Introduction 
The formation of a gel matrix, involving the interactions between protein, lipid and 
water, plays an essential role in textural properties of processed meat (Gravelle and others 
2016). Myofibrillar protein (MP) is the main component that dictates gel characteristics 
contributing to meat texture (Lan and others 1995). Comminuted (finely chopped) meat 
products, notably frankfurters and bolognas, consist of a three-dimensional MP network 
filled with fat globules; therefore, a MP−lipid composite emulsion can be used to study the 
rheological properties of such processed meats (Dickinson 2012; Wu and others 2011).  
The thermal gelation process involves unfolding of native protein molecules, 
followed by protein–protein association and further aggregation. The dispersed or 
aggregated state of protein prior to gelation has been found to affect the network quality 
(Tornberg 2005). A slow heating rate allows sufficient time for protein denaturation and 
proper alignment prior to aggregation, resulting in a stable and elastic gel matrix (Liu and 
Lanier 2016). This involves hydrophobic and electrostatic forces, hydrogen bonds, van der 
Waal's interactions, and covalent bonds, such as disulfides (Sun and Arntfield 2012).  
Oxidation can modify amino acid residues and alter the protein structure, thus, 
change molecular forces involved in protein–protein interactions and affect the gelation 
process (Liu and others 2009). A series of investigations have shown that mild protein 
oxidation can improve the functionality of MP through altering the mode of myosin 
aggregation in favor of an elastic gel network, while excessive oxidation tends to generate 
large protein aggregates that are morphologically incapable of forming a fine gel network 
but a porous coagulum instead (Li and others 2014; Zhou and others 2014a; Chanarat and 
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others 2015; Xiong and others 2010). Oxidants tested in these studies vary from reactive 
oxygen species, free radicals of lipid peroxidation, and secondary lipid oxidation products, 
to phenolic compounds. Glucose oxidase (GluOx), a commercial food industry enzyme 
that produces H2O2 from glucose, provides a controllable enzymatic means to achieve 
deliberate oxidative modification of target proteins for functionality improvements. As 
reported recently, GluOx-modified MP had superior rheological properties over chemically 
(Fenton system)-modified MP because the hydroxyl radical (•OH) production in the 
GluOx–iron system was progressive and controllable, which allows slow unfolding and 
subsequent aggregation of proteins (Wang and others 2016b).   
The size and surface properties (hydrophobicity) of filler particles in MP composite 
gels affect liquid retention and deformation properties of the gels (Gravelle and others 
2015). Transglutaminase (TGase), which catalyzes an acyl transfer reaction between 
glutamine and lysine residues to form ε-(γ-Glu)-Lys isopeptide bonds, has been extensively 
researched to promote gel formation for textural property enhancements in restructured 
muscle foods (Zhu and others 1995). Protein polymers induced by TGase usually exhibit 
improved functionality, particularly gelation and emulsification, when compared with 
proteins without TGase treatment (Gaspar and de Goes-Favoni 2015). Because the efficacy 
of TGase is dependent upon the accessibility of glutamine and lysine residues, Li and others 
(2012) have introduced oxidative modification with chemically generated •OH that induces 
protein unfolding. Indeed, aided by the substrate (MP) structural change, an additional 14.8% 
increase (P < 0.05) in protein gel rigidity attributed to TGase was reportedly achieved. 
Because the H2O2 production from GluOx-catalyzed glucose oxidation was 
progressive (as opposed to a sudden burst of H2O2 in the Fenton reaction), it can be 
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hypothesized that •OH, gradually formed from H2O2 reacting with Fe2+, would induce 
ordered MP aggregation in favor of further cross-linking by TGase. The objective of this 
study was to test this hypothesis and, specifically, investigate the rheological properties of 
MP gels after GluOx modification followed by TGase treatment. 
4.3. Materials and methods 
4.3.1. Materials 
Porcine Longissimus lumborum (48 h post-mortem) was obtained from the 
University of Kentucky Meat Laboratory, a USDA-approved facility. The loin muscle 
samples were vacuum packaged and stored in a –30 °C freezer for less than 6 months before 
use. MP was isolated from thawed muscle at 4 °C according to Park and others (2007) 
using a buffer of 10 mM sodium phosphate, 0.1 M NaCl, 2 mM MgCl2, and 1 mM EGTA 
at pH 7.0. The pH of MP suspension in 0.1 M NaCl at the final wash was adjusted to 6.25 
with 0.1 M HCl before centrifugation. Protein concentration of the MP was measured by 
the Biuret method using bovine serum albumin as a standard (Gornall and others 1949). 
Commercial canola oil was purchased from a local grocery. GluOx, TGase and organic 
iron (Fe) were donated by Ajinomoto Co., Inc. (Kawasaki, Japan).  
4.3.2. GluOx oxidation/transglutaminase modification of MP  
Enzymatic •OH-producing reagents (GluOx/glucose/iron) at final concentrations of 
4, 8 and 16 µg GluOx and 50 µg glucose per mg MP and 10 µM Fe were mixed into MP 
suspensions [20 or 40 mg/mL protein, in 15 mM 1,4-piperazinediethanesulfonic acid 
(PIPES) buffer, pH 6.25, 0.6 M NaCl]. Iron (Fe) was included to produce •OH from H2O2 
formed by the GluOx-catalyzed oxidation of glucose. The mixtures were incubated for 12 
 
 
51 
 
h at 4 °C to allow oxidative modification. To investigate TGase-induced protein cross-
linking, control and oxidized MP samples were treated with TGase (10 μg per mg MP) in 
the same PIPES buffer (pH 6.25) with 0.6 M NaCl at 4 °C for 2 h. 
4.3.3. Measurement of structure-related changes and aggregation of MP 
Samples of control and GluOx-oxidized MP (40 mg/mL) with or without TGase 
treatment were diluted to 2 or 4 mg/mL protein with 15 mM PIPES containing 0.6 M NaCl 
(pH 6.25), then subjected to chemical analysis and gel electrophoresis. For hydrophobicity 
tests (fluorescence), MP samples were diluted to 0.25 mg/mL with the same PIPES buffer 
solution. 
 
4.3.3.1. Free sulfhydryls. Total free sulfhydryl content (4 mg/mL MP solution) was 
determined as described by Liu and others (2000). A molar extinction coefficient of 13600 
M−1 cm−1 was used to calculate the sulfhydryl concentration. 
 
4.3.3.2. ANS fluorescent spectra. Fluorescence spectra were acquired immediately after 
addition of 20 μL 8-anilinonaphthalene-1-sulfonic acid (ANS, 8.0 mM in 0.01 M phosphate 
buffer, pH 7.0) to 4 mL 0.25 mg/mL MP solutions in 0.6 M NaCl at room temperature. The 
emission spectra from 400 to 500 nm with an excitation wavelength of 380 nm were 
recorded, using a FluoroMax-3 spectrofluorometer (Horiba Jobin Yvon Inc., Edison, NJ, 
USA). 
 
4.3.3.3. Protein solubility. MMP sample solutions (2 mg/mL) were centrifuged at 5000 g 
and 4 °C for 15 min. Protein solubility was defined as the protein concentration of the 
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supernatant divided by that of the original MP suspension. The protein concentration was 
determined by the Biuret method.  
 
4.3.3.4. Electrophoresis. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS–PAGE) was conducted on control and GluOx/TGase-modified MP samples 
according to the method of Laemmli (1970) with a 4% polyacrylamide stacking gel and a 
12% polyacrylamide resolving gel. For all MP samples, 1 mM N-ethylmaleimide (NEM, a 
thiol-blocking agent) was added before heating to prevent possible formation of disulfide 
cross-linkage during sample preparation. Each sample well was loaded with 50 μg of 
protein. Formation of soluble polymers (SP) on the top of the stacking gel and loss of 
myosin heavy chain (MHC) and actin, relative to non-oxidized MP without TGase, were 
quantified using the UN-SCAN-IT software (Silk Scientific, Orem, Utah, USA) to analyze 
the effect of GluOx oxidation on TGase cross-linking using the following formula: 
Relative change (%) = pixel of sample – pixel of non-oxidized MP without TGasepixel of non-oxidized MP without TGase ×100. 
4.3.4. Evaluation of gelling properties of MP–lipid emulsion composites 
The gelling properties of MP–lipid emulsion composite samples were analyzed with a 
small-strain dynamic rheological test and a large-strain extrusion measurement. Emulsions 
were prepared by homogenizing 20 mg/mL MP suspension and canola oil (25%, w/w) with 
a Polytron PT 10-35GT blender with PT-DA 12/2 EC-B154 aggregate (Brinkmann 
Instruments, Inc., Westbury, NY, USA) at a speed of 17,500 rpm for 2 min with the tubes 
submerged in an ice slurry. The emulsions were immediately added to the 40 mg/mL MP 
in 15 mM PIPES buffer containing 0.6 NaCl (pH 6.25) by gently stirring with a glass rod. 
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Then the MP–lipid sols (final 30 mg/mL MP and 10% lipid) were incubated with TGase 
(10 μg per mg MP) for 2 h at 4 °C. 
 
4.3.4.1. Dynamic rheological measurement. The viscoelastic characteristics of MP–lipid 
emulsion composites were continuously monitored during the heat-induced gelation with 
a Bohlin CVO 100 rheometer (Malvern Instruments, Westborough, MA, USA). Sols were 
heated between parallel plates (upper plate, 30 mm diameter) from 20 to 75 °C at a 
1 °C/min rate with a fixed frequency of 0.1 Hz and a controlled maximum strain of 0.02. 
To prevent dehydration, a thin layer of silicone oil was applied to the exposed edge of 
samples. Changes in the storage modulus (G′, an elastic force) during the sol → gel 
transformation were recorded. 
 
4.3.4.2. Gel firmness. Aliquots of 5 g each of MP–lipid emulsion composites sols were 
carefully transferred into glass vials (16.5 mm diameter), then heated from 20 °C to 75 °C 
at a rate of 1 °C /min in a water bath. After heating, gels in the vials were immediately 
chilled in an ice slurry and stored at 4 °C overnight. The gels in vials were then equilibrated 
at room temperature (22 °C) for 1 h and penetrated with a flat-faced stainless steel probe 
(14.8 mm diameter) at a speed of 20 mm/s. The initial peak force required to rupture the 
gel was expressed as gel firmness. 
 
4.3.4.3. Cooking loss. Cooking loss was calculated using the following formula, where Wgel 
and Wsol are, respectively, the weight of the emulsion gel after heating and the weight of 
the original sol before heating:  
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Cooking loss (%) = Wsol – WgelWsol  ×100. 
4.3.5. Microstructure of MP–lipid emulsion composite gels.  
To observe the effect of GluOx oxidation/TGase induced MP modification on the 
gel structure, the microstructure of MP–lipid emulsion composite gels was examined. 
 
4.3.5.1. Light microscopy. MP–lipid emulsion gel samples were prepared for light 
microscopy using the paraffin section procedures as described by Wu and others (2011). 
Approximately 5 mm3 blocks of samples were excised from intact gels, encased in a 
cassette, and fixed in 8% paraformaldehyde overnight. The samples were dehydrated by 
immersion in a series of ethanol (50, 70, 90, and 100%), fixed in paraffin, and sectioned at 
a thickness of 8 μm using a microtome. After removal of paraffin with xylene, the slides 
were stained with Ehrlich's hematoxylin, then imaged using a MICROPHOT-FXA Nikon 
photomicroscope equipped with a built-in digital camera (Nikon Inc., Garden City, NY, 
USA). 
 
4.3.5.2. Scanning electron microscopy (SEM). Samples for SEM examination were 
prepared as described by Feng and others (2003) with slight modifications. Small cubes 
(approximately 5 mm3) were obtained from emulsion gels and fixed in 0.1 M phosphate 
buffer (pH 7.2) containing 4% paraformaldehyde and 1% glutaraldehyde. Fixed samples 
were washed with 0.1 M phosphate buffer (pH 7.2) 3 times and then postfixed for 5 h in 
0.1 M phosphate buffer (pH 7.2) containing 1% osmium tetroxide. The post-fixed samples 
were washed with 0.1 M phosphate buffer (pH 7.2) 3 times and dehydrated by immersion 
in a series of ethanol (50, 75, 90, 95 and twice 100% for 30 min each). Samples were further 
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dehydrated by submerging in acetone then drying in warm air. Dried samples were sputter-
coated with gold and examined under a FEI Quanta 250 (FEI Inc., Hillsboro, OR, USA) 
with 2 kV accelerating voltage. 
4.3.6. Statistical analysis 
Data obtained from two independent trials (n = 2), each employing a new set of MP 
preparation, were submitted to the analysis of variance using the general linear model’s 
procedure of Statistix software 9.0 (Analytical Software, Tallahassee, FL, USA). 
Significant (P < 0.05) differences between means were identified by the least significance 
difference (LSD) all-pairwise multiple comparisons. 
4.4. Results and discussion 
4.4.1. Protein structural changes 
Thiol oxidation, with disulfide bonds being the most common end product, affects 
protein structure and protein– protein interactions (Soladoye and others 2015). Reduction 
of the sulfhydryl content and solubility of MP caused by oxidation with GluOx followed 
by cross-linking with TGase is shown in Figure 4.1. The total free sulfhydryl (SH) content 
of non-oxidized MP without TGase was 64.9 nmol/mg protein. After GluOx oxidation, the 
SH content decreased significantly with increasing GluOx concentrations to 57.8 nmol/mg 
protein (P < 0.05), suggesting the formation of disulfide bonds (S–S). The results were 
consistent with our previous observation (Wang and others 2016b) that high concentrations 
of GluOx in the presence of glucose and Fe substantially modified MP and promoted S–S 
bond formation. The SH content was reduced after TGase treatment for 2 h, probably 
caused by reburying of the cysteine residues due to TGase-catalyzed MP agglomeration. 
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Surface hydrophobicity of a protein is an important determinant of its physical 
stability, solubility, aggregation tendency, as well as adsorption behavior at the oil/water 
interface, which affects its functionality (Hawe and others 2008). ANS, as an extrinsic 
fluorescent dye with an aromatic structure and a negatively charged sulfonate group, can 
bind to the hydrophobic pockets on protein through aromatic–aromatic interactions and to 
positively charged amino acids, e.g., histidine, lysine, and arginine, via electrostatic 
interactions (Hawe and others 2008). Therefore, an increased ANS fluorescence intensity 
is indicative of the exposure of hydrophobic groups of MP. The surface hydrophobicity of 
MP due to oxidation as shown by the ANS spectra was GluOx-dose-dependent, where the 
fluorescence intensity decreased with increasing GluOx concentrations (Figure 4.2A). A 
similar phenomenon was observed previously (Liu and Xiong 2015), which was attributed 
to intramolecular S–S bonds that stabilized the secondary structure of myosin. 
With subsequent TGase treatments (Oxidation + TGase), the surface 
hydrophobicity decreased further (Figure 4.2B). The steady drop in intensity of 
fluorescence suggests that GluOx oxidation and TGase cross-linking caused MP to 
aggregate, resulting in a partial burial of the ANS binding sites that offsets the potential 
effect of unfolding induced by oxidation (Li and others 2012). ). In addition, cross-linking 
between lysine and glutamine catalyzed by TGase could weaken the electrostatic 
interactions between the negatively charged sulfonate group in ANS and the positively 
charged amino group in lysine, leading to an additional fluorescence attenuation. A slight 
increase of surface hydrophobicity in oxidized MP was reported by Li and others (2012), 
where mild oxidation predominantly induced protein unfolding over aggregation, which 
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may initiate a dissociated state with large clusters of hydrophobic sites exposed to allow 
binding with ANS, hence, explaining the increase in fluorescence intensity. 
4.4.2. Cross-linking patterns of MP components 
Protein polymerization after treatment with GluOx and TGase was analyzed by 
SDS–PAGE (Figure 4.3); the inset displays the relative content (%) of soluble polymers 
(SP) formed and the amount of myosin heavy chain (MHC) and actin lost over non-
oxidized MP without TGase. In oxidized MP, the intensity of MHC and actin bands 
attenuated with increasing the GluOx concentration: up to 25.3% reductions for MHC and 
16.9% for actin, and a 112% increase in SP, compared to non-oxidized MP samples. To 
elucidate the effect of GluOx oxidation on TGase cross-linking, the relative changes (Δ) in 
band intensity (pixel) attributed to TGase were calculated. The loss of actin due to TGase 
increased from 9.3% in non-oxidized to 14.5–21.7% in oxidized MP. However, the loss of 
MHC due to TGase decreased from 21.7% in non-oxidized to 7.2% in oxidized MP. 
Interestingly, the TGase treatment produced a 34.7% increase of SP in non-oxidized MP, 
contrasting to a net loss (up to 18.3%) in the SP content in GluOx-oxidized samples. This 
may be due to the further aggregation of SP in the latter samples forming exceedingly large 
polymers that were unable to enter the stacking gel. 
Under oxidative stress, protein unfolding and aggregation coexist, and the 
effectiveness of TGase will depend on the preponderance of these specific processes. When 
unfolding was caused in a chemically-produced •OH system, myosin cross-linking by 
TGase appeared to be favored (Li and others 2013). In the presence study with GluOx, 
protein aggregation (evidenced by reduced ΔMHC in TGase-treated samples) rather than 
unfolding was clearly a dominant process. This may have resulted from the facilitated 
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intramolecular disulfide bridging and occlusions of accessible glutamine and lysine 
residues under the relatively slow H2O2 production condition. 
Solubility provided supporting evidence for differential cross-linking in the GluOx 
oxidation alone and the GluOx oxidation/TGase cross-linking pathway. The relative 
decrease of protein solubility due to TGase treatment was also influenced by the oxidative 
status of MP. As shown in Figure 4.1B, 88% of the protein was soluble in non-oxidized 
MP samples, and the solubility decreased sharply to 65% (P < 0.05) following TGase 
treatment. While the solubility generally declined with increasing GluOx concentrations, 
the additional changes due to TGase were much less, i.e., 23.5% in non-oxidized MP and 
only 10% in MP oxidized with 16 µg/mg protein.   
4.4.3. Rheological behavior of MP–lipid emulsion composite gels 
It is widely accepted that in comminuted meat, hydrophobic regions of MP 
associate with fat globules, producing an interfacial protein membrane that continuously 
interacts with the surrounding three-dimensional protein network to form an interconnected 
cage-like gel structure during thermal processing (Gravelle and others 2016). Such 
composite gel matrixes impart a viscoelastic physical barrier to hold both water and lipid 
in a less mobile state. Wu and others (2011) reported that S–S cross-linking between 
proteins at the oil/water interface and those present in the continuous gel matrix contributed 
to the stabilization of emulsion particles in meat systems. Since GluOx oxidation and 
TGase treatments can promote the formation of disulfide bonds and alter the 
hydrophobicity of MP, the rheology of the emulsion sols made from GluOx/TGase 
modified MP during thermal gelation was investigated. 
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During heating, all MP samples exhibited a major rheological transition in the 35–45 °C 
temperature range (Figure 4.4A), which is a characteristic dynamic network-forming 
pattern of MP attributable to the sequential unfolding of myosin head (heavy meromyosin) 
followed by its helical tail (light meromyosin) (Samejima and others 1981; Egelandsdal 
and others 1986b). The initial rise in storage modulus (G′, elasticity) of the MP–lipid 
emulsion sols was detectable at 38 °C in non-oxidized MP. This temperature decreased to 
36, 35, and 33 °C corresponding to 4, 8, and 16 μg GluOx per mg MP treatments. The 
respective temperatures of the peak were also lowered from 45 to 43, 42, and 41 °C, 
demonstrating a significant GluOx-dose-dependent effect on the thermal elastic behavior 
of emulsion gels. The facile gel formation of oxidized MP samples as indicated by the 
earlier elastic rheological response can be explained, because pre-formed polymers in the 
12-h oxidation with GluOx (Figure 4.3) can readily aggregate into a gel network upon 
subsequent heating (Ziegler and Foegeding 1990). Based on the remarkable changes in 
myosin Ca2+- and K+-ATPase activity and enthalpy (determined by differential scanning 
calorimetry), Li and others (2012) deduced an increased hydrodynamic radius of myosin 
when exposed to oxidative stress. Such structural changes could contribute to an earlier 
and stronger elastic response of MP during gelation, as seen in the present study.  
Further heating led to continuous increases of G′. At above 48 °C, the G′ of all oxidized 
samples surpassed that of the control and reached a final value (at 75 °C) that was 1.8 to 
2.9-fold higher (Figure 4.4A and Table 4.1). A far more intense increase of G′ exhibited 
by GluOx-treated samples in this temperature region (beginning at about 52 °C) when 
compared with at lower temperatures (<45 °C) is noteworthy. The aggregation of LMM is 
largely responsible for MP gel network formation in this intermediate temperature zone, 
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while that of HMM is the initiator of gelation at 35–45 °C (Egelandsdal and others 1986b; 
Xiong 1997). Therefore, from the differential G′ development, it can be suggested that •OH 
generated in the GluOx oxidation system likely had a stronger preference for the tail 
portion of myosin in the later stage of intermolecular S–S linkage (Ooizumi and Xiong 
2006).  
When the MP emulsion composites were treated with TGase, samples modified with 
GluOx exhibited a reduced gel onset temperature (28.5 °C) from the non-oxidized control 
(Figure 4.4B).  Structural changes induced by •OH as well as accumulations of soluble 
polymers (which appeared to be excellent target of TGase, Figure 4.3) were obviously the 
main causative factors. Promotion of the elastic protein network by TGase was most 
pronounced for samples that were treated with 4 μg GluOx/mg MP. This can be seen 
because the G′ gain in the transition temperature range (28.5−46 °C) from the TGase 
treatment for the 4 μg GluOx sample was much greater than for the 8 μg GluOx-treated 
sample 0when compared with the counterpart samples without TGase treatment (Figure 
4.4B). The result suggests that moderately unfolded MP in the mild GluOx oxidation 
system facilitated TGase-catalyzed cross-linking and aggregation. The decreased transition 
temperature from 46 °C (non-oxidized MP) to 41 °C (GluOx/TGase-treated MP) further 
supported the hypothesis that mild oxidation facilitated the TGase efficacy.  However, with 
TGase treatment, sample oxidized by 16 μg GluOx per mg MP showed the lowest final G′ 
(75 °C), indicating that extensive and macroscopic aggregations and insolubilization 
impeded gel formation.  
4.4.4. Firmness of MP-lipid emulsion composite gels 
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The “set gels” (cooked and then chilled) were subjected to extrusion, and the initial 
rupture force was recorded as gel firmness (Table 4.1). GluOx oxidation increased gel 
firmness by as much as 2-fold, while with the combined GluOx/TGase treatment, gel 
firmness rose to a 4.4-fold level when compared with the non-oxidized sample without 
TGase. The effect of GluOx oxidative modification was more obvious in samples without 
TGase (2-fold) than with TGase (up to 1.4-fold), agreeing with the corresponding findings 
on gel elasticity (G′ at 75 °C) (Figure 4.4). Gel firmness enhancements due to TGase (ΔDue 
to TGase, noted in Table 4.1) in samples with GluOx oxidation were higher (up to 0.48 N) 
than that in non-oxidized samples (0.37 N).   
The emulsion gels with MP oxidized by GluOx had no significant difference in cooking 
loss compared with the non-oxidized sample (Table 4.1). However, the GluOx/TGase 
treatment aggravated cooking loss from merely 0.61% in non-oxidized control to 5.29% 
for MP samples oxidized with 16 μg GluOx per mg MP (P < 0.05). The increased cooking 
loss may be attributed to extensive aggregation of MP induced by oxidation (16 μg GluOx 
per mg MP) and subsequent TGase cross-linking that caused microstructural disruption 
and generated porosity within the gel, which was consistent with the decreased final G′ as 
well as the rigidity of the final gel. 
4.4.5. Microstructure of gels 
Morphological examination of the MP–lipid emulsion gels showed remarkable 
differences due to GluOx oxidation regardless of TGase treatment. Light microscopy 
revealed a proteinaceous matrix structure in which lipid droplets were imbedded. The 
control gel contained intact and round lipid particles stabilized with a visible (dark) coating 
and were connected to the protein network (Figure 4.5). However, for gels made of 
 
 
62 
 
oxidatively stressed MP, some parts of the interfacial membrane appeared to be disrupted, 
and irregularly shaped oil particles and some void spaces (holes) were visibly present. This 
was most noticeable in gels with MP that was modified with 4 μg GluOx. Similar but more 
substantial structural irregularities occurred with increasing the dosage of GluOx (8 and 16 
μg GluOx per mg MP). The treatment with TGase did not change the microstructural 
pattern of the gels and GluOx remained to be the dominant factor for the morphological 
changes. 
SEM images of emulsion gels were also obtained to visualize structural details of 
the protein network and oil droplet distribution within the gel. For control gel, oil droplets 
resembling ‘water balloon’ with diameters mostly within the 8–40 μm range were confined 
within the protein matrix (Figure 4.5). Compared with the smooth surface of lipid droplets 
seen in control samples, more rugged and uneven surfaces were noticed in the samples with 
GluOx oxidation. Layers of protein strands separated from the bulk gel matrix and 
remaining on the lipid surface as interfacial protein films would account for the surface 
irregularity. As myosin has a molecular length of ~180 nm (Scholz and others 2005); 
micrometer-scale protein strands can result from GluOx oxidation/TGase cross-linking, 
thereby providing physical barriers for the lipid globules. Some small oil droplets (< 10 
μm) were adhered to bigger ones through proteinaceous strands instead of lipid fusion in 
samples with GluOx oxidation, which may explain the irregular lipid pocket formation 
seen under light microscopy, as a composite of different sizes of lipid droplets bundled 
with MP strands. 
The structure of the composite gel formed by non-oxidized MP was influenced by 
TGase: oil droplets with heterogeneous sizes were densely packed, differing from the 
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control gel without TGase treatment (Figure 4.5). On the other hand, smaller oil droplets 
anchoring into a ‘cement’ was the dominant structural feature of the gels made from MP 
oxidized with 4 μg GluOx and treated with TGase. At higher GluOx concentrations, a 
certain degree of lipid fusion was observed on the gel samples (arrow-pointed, Figure 4.5). 
This may be attributed to the formation of intensely clumped aggregates within the 
proteinaceous matrix instead of moderate protein strands in the interfacial protein films for 
lipid immobility. The spherical shape of the oil droplets also became less distinctive. 
Overall, smaller lipid droplets immobilized with a densely packed matrix is a general 
pattern of the gels produced from the combined GluOx–TGase treatment, distinguishing 
from the control. Evidently, the aggregation induced by GluOx oxidation was primarily 
responsible for the protein strands formed on the surface of oil droplets, and their presence 
as an interfacial constituent provided an additional physical barrier to maintain the 
emulsion stability. 
As reported previously, in meat emulsion, fat globules act as fillers to enforce the 
protein gel (batter) (Gravelle and others 2016). Such physical effects are strongly 
reinforced when the membrane proteins interact actively with the surrounding proteins 
(continuous phase) via disulfide linkages (Wu and others 2011). A strong filler-size-
dependent Young’s modulus of particle-filled MP gels was described by Gravelle and 
others (2015). Hence, compared to non-oxidized samples, the oxidation-induced thicker 
interfacial protein layer and the shielding of larger fat particles (10–40 μm) by the smaller 
ones (< 10 μm) were the reasons why oxidized MP composite gels were significantly firmer 
than the control gel.  
4.5. Conclusion 
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The GluOx oxidation/TGase cross-linking coupling allowed a controllable 
structural modification and aggregation of MP, enabling an elastic gel matrix and a firm 
gel texture.  Disulfide linkages formed from oxidation and isopeptide bonds produced by 
the TGase reaction not only reinforced the structure of the proteinaceous interfacial 
membrane but also promoted its interaction with the gel matrix, thereby producing a firm 
emulsion composite gel. A plausible mechanism of GluOx oxidation followed by TGase 
cross-linking to promote the gelation of MP (predominantly myosin) is therefore proposed 
(Figure 4.6) to summarize the main findings. Overall, as an enzymatic method to 
structurally modify muscle proteins, the GluOx oxidation/TGase pathway offers great 
potential for the enhancement of gelling properties of muscle proteins in communicated 
meat products. 
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Table 4.1. Gel firmness, rigidity, and cooking loss of myofibrillar protein (MP)–lipid emulsion composite gels. Prior to gelation, MP 
was modified by oxidation (12 h) with GluOx followed by cross-linking with TGase (2 h) at 4 °C. Oxidation was carried out with 0–16 
μg GluOx and 50 µg glucose per mg MP in the presence of 10 μM Fe. 
A–E, a-c Means without a common letter differ significantly (P < 0.05). Relative changes of gel firmness or G′ by TGase treatment: ΔDue 
to TGase = sample with oxidation and TGase – sample with oxidation only.  
GluOx 
(µg/mg MP) 
Gel firmness (N) Gel rigidity (G′ at 75 °C, Pa)  Cooking loss (%) 
Oxid only Oxid + TGase ΔDue to TGase  Oxid only Oxid + TGase ΔDue to TGase  Oxid only Oxid + TGase 
0 0.17 ± 0.01E 0.54 ± 0.05B 0.37  396 1163 767  0.54 ± 0.20c 0.61 ± 0.48c 
4 0.26 ± 0.04D 0.68 ± 0.05A 0.43  709 1326 617  0.55 ± 0.32c 2.79 ± 0.81b 
8 0.27 ± 0.05D 0.74 ± 0.06A 0.48  929 1392 400  0.55 ± 0.13c 3.74 ± 0.79ab 
16 0.34 ± 0.12C 0.75 ± 0.11A 0.41  1173 1017  −150  0.75 ± 0.01c 5.29 ± 3.62a 
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Figure 4.1. Reduction of the sulfhydryl content (A) and solubility (B) of myofibrillar 
protein (MP) caused by oxidation (12 h) with GluOx followed by cross-linking with TGase 
(2 h) at 4 °C. Oxidation was carried out with 0–16 μg GluOx and 50 µg glucose per mg 
MP in the presence of 10 μM Fe. Means without a common letter differ significantly (P < 
0.05).  
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Figure 4.2. Changes in the relative intensity (RFI) of ANS fluorescent emission spectra of 
myofibrillar protein (MP) caused by oxidation (12 h) with GluOx followed by cross-linking 
with TGase (2 h) at 4 °C. Oxidation was carried out with 0–16 μg GluOx and 50 µg glucose 
per mg MP in the presence of 10 μM Fe.  A: Oxidation only; B: Oxidation + TGase; c.p.s., 
counts per second. 
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Figure 4.3. SDS–PAGE patterns of myofibrillar protein (MP) modified by oxidation (12 
h) with GluOx followed by cross-linking with TGase (2 h) at 4 °C. Oxidation was carried 
out with 0–16 μg GluOx and 50 µg glucose per mg MP in the presence of 10 μM Fe. 
Relative changes of pixel intensity by TGase treatment: Δ Due to TGase = sample with 
oxidation and TGase – sample with oxidation only.  
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Δ Due to TGase  34.7 −10.9 −17.5 −18.3 
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Figure 4.4. Representative of storage modulus (G′) development of myofibrillar protein 
(MP)–lipid emulsion composite sols during thermal gelation. Prior to gelation, MP was 
modified by oxidation (12 h) with GluOx followed by cross-linking with TGase (2 h) at 
4 °C. Oxidation was carried out with 0–16 μg GluOx and 50 µg glucose per mg MP in the 
presence of 10 μM Fe. A: Oxidation only; B: Oxidation + TGase. Calculated differences 
of G′ at final 75 °C (ΔGluOx): between highest G′ and the control for each treatment.   
28.5 °C  
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Figure 4.5. Microstructure of myofibrillar protein (MP)–lipid emulsion composite gels. 
Prior to gelation, MP was modified by oxidation (12 h) with GluOx followed by cross-
linking with TGase (2 h) at 4 °C. Oxidation was carried out with 0–16 μg GluOx and 50 
µg glucose per mg MP in the presence of 10 μM Fe. LM: light microscopy with 20 μm 
scale bar; SEM: scanning electron microscope with 100 μm scale bar.  
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Figure 4.6. Proposed mechanism of GluOx oxidation coupled with TGase cross-linking to 
promote the gelation of MP (predominantly myosin). Disulfide bonds (S–S) and Gln-Lys 
isopeptide bonds are marked. 
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CHAPTER 5 
DIFFERENTIATION OF RHEOLOGICAL ENHANCEMENT OF PORK 
MYOFIBRILLAR PROTEIN–LIPID EMULSION COMPOSITE GELS VIA 
GLUCOSE OXIDASE OXIDATION/TRANSGLUTAMINASE CROSS-LINKING 
PATHWAY AS INDUCED BY SALT LEVEL 
5.1. Summary 
This study aimed to investigate the effect of salt level (0.3 and 0.6 M NaCl) on the 
rheological enhancement of pork myofibrillar protein (MP)–lipid emulsion composite gels 
via the glucose oxidase (GluOx) oxidation/transglutaminase (TGase) cross-linking 
pathway. The protein structural changes (free sulfhydryl content, hydrophobicity, 
solubility, and crosslinking) and gelling properties in MP–lipid emulsion composites were 
measured to assess the efficacy of GluOx/TGase for mediating the gelation of MP. The 
GluOx/TGase treatment at both salt concentrations improved gel strength and elasticity of 
the MP–lipid emulsion composites, and the efficacy of the treatments followed the order 
of GluOx/TGase > TGase cross-linking > GluOx oxidation. The GluOx/TGase treatment 
in 0.3 M NaCl increased the gel strength to the same level as those treated with TGase 
alone in 0.6 M NaCl, suggesting a potential application of GluOx/TGase for improving gel 
strength in low ionic strength conditions. The addition of xanthan in 0.3 M NaCl could 
reduce the cooking loss of the MP–lipid composite gels, but led to a poor gel network. 
These findings provide further understanding of GluOx/TGase treatment induced changes 
in structural and gelation properties of MP under different salt concentrations.   
 
 
73 
 
5.2. Introduction 
Myofibrillar protein (MP) plays an essential role in producing desirable textural 
and water binding properties in cooked meat products. MP exerts the adhesion and 
cohesion force to bind meat constituents, such as fat and water, together and prevent their 
separation in the gel matrix during the thermal gelation process (Kijowski 1995). The 
functional performance of MP in gelation is influenced by various factors, including the 
protein content, solubility, ionic strength, and non-protein polymer ingredients (Chin and 
others 2009).  
Ionic strength has a significant effect on the binding and gelling properties of MP 
as a result of its effect on solubility. The highly ordered structure of myofibril begins to 
expand transversely when exposed to 0.3–0.5 M NaCl and swells profusely between 0.6–
1 M NaCl causing disintegration and depolymerization of myosin filaments (Wu and others 
2016). Low salt conditions (< 0.3 M NaCl) decrease protein extraction, impairing the 
binding property and strength of meat gels (Pietrasik and Li-Chan 2002). For this reason, 
comminuting with 2–3.0% NaCl is required to extract MP during sausage preparation to 
decrease cooking loss and improve firmness (Sun and Holley 2011).  
Since excess sodium intake has been linked to the development of hypertension, 
low-sodium meat products are in high demand for health-conscious consumers. The 
replacement of NaCl with KCl in low-sodium meat products  can also raise concerns for 
people with renal disease, whose kidneys cannot remove the excess potassium (Puolanne 
and Halonen 2010).  New alternative processing techniques or processing modifications 
are greatly desired for a new strategy in sodium reduction. Understanding the interactions 
of muscle protein and other ingredients at different salt levels would be critical for the 
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application of new ingredients in meat processing, especially for low-sodium meat 
products. 
Transglutaminase (TGase)-catalyzed protein cross-linking has been used as a 
processing aid in a variety of food systems, including meat processing. Its application in 
the food industry has been reviewed by Kieliszek and Misiewicz (2014). TGase facilitates 
intermolecular covalent bond formation and strong cohesion of meat particles. The effect 
of TGase on the gelation properties of MP is salt concentration dependent. An earlier study 
by Chin and others (2009) reported TGase induced a significant increase in MP gel strength 
at a high salt concentration (0.6 M NaCl) and slight increase at low salt concentrations (0.3 
and 0.1 M NaCl). Similar findings have been reported with cooked TGase-modified 
restructured fish products under different NaCl concentrations (Téllez-Luis and others 
2002).  
The effect of ionic strength on the oxidative changes in both myofibrils and MP 
was also reported. Liu and others (2011) claimed salt promotes hydroxyl radical (•OH)-
initiated oxidation of muscle tissue. High salt concentrations (> 0.4 M NaCl) also favored 
the malondialdehyde (MDA)-induced oxidative modification of MP and enhancement of 
gelation properties (Zhou and others 2014a). As reported previously, the efficacy of TGase-
catalyzed MP cross-linking was influenced by both oxidation and salt concentrations (Li 
and others 2013). Because of the impact of ionic strength on oxidative modification and 
TGase crosslinking of MP, it is tempting to suggest that the salt levels may influence the 
effect of GluOx oxidation/TGase treatment on gelling properties of MP.  
Because TGase cross-linking may increase cooking loss due to protein aggregation, 
the combination of TGase and xanthan was applied to reduce cooking loss during thermal 
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gelation of MP with 0.6 M NaCl (Shang and Xiong 2010). However, it is unclear whether 
xanthan, as a high-molecular-weight cold-swelling gum, could provide a feasible means to 
maintain the water holding capacity of MP with TGase in a low salt condition. Thus, the 
objectives of the present study were: (1) to understand the structural change of MP-induced 
via glucose oxidase (GluOx) oxidation/transglutaminase (TGase) cross-linking in different 
ionic strengths and their effects on gelling performance in an emulsion gel model system 
during thermal processing, and (2) to explore the efficacy of xanthan to enhance the water-
holding capacity of GluOx/TGase modified MP in a low salt condition, which would be 
crucial for the application of GluOx/TGase as new ingredients in meat products. 
5.3. Material and methods 
5.3.1. Materials 
Porcine Longissimus lumborum (48 h post-mortem) was obtained from the 
University of Kentucky Meat Laboratory, a USDA-approved facility. The loin muscle 
samples were vacuum packaged and stored in a –30 °C freezer for less than 6 months before 
use. MP was isolated from thawed muscle at 4 °C according to Park and others (2007) 
using a buffer of 10 mM sodium phosphate, 0.1 M NaCl, 2 mM MgCl2, and 1 mM EGTA 
at pH 7.0. The pH of the MP suspension in 0.1 M NaCl at the final wash was adjusted to 
6.25 with 0.1 M HCl before centrifugation. Protein concentration of the MP was measured 
by the Biuret method using bovine serum albumin as a standard (Gornall and others 1949). 
Commercial canola oil was purchased from a local grocery. GluOx, TGase and organic 
iron (Fe) were donated by Ajinomoto Co., Inc. (Kawasaki, Japan). Xanthan (NovaxanTM 
80) was provided by Archer Daniels Midland Co. (Decatur, IL, USA).  
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5.3.2. GluOx oxidation/transglutaminase modification of MP  
Enzymatic •OH-producing reagents (GluOx/glucose/iron) at final concentrations of 
8 µg GluOx and 50 µg glucose per mg MP and 10 µM Fe were mixed into MP suspensions 
[20 or 40 mg/mL protein, in 15 mM 1,4-piperazinediethanesulfonic acid (PIPES) buffer, 
pH 6.25, 0.3 or 0.6 M NaCl]. Iron (Fe) was included to produce •OH from H2O2 formed 
by the GluOx-catalyzed oxidation of glucose. The mixtures were incubated for 12 h at 4 °C 
to allow oxidative modification of MP. To investigate TGase-induced protein cross-linking, 
control and oxidized MP samples were treated with TGase (10 μg per mg MP) in the same 
PIPES buffer (pH 6.25) with 0.3 or 0.6 M NaCl at 4 °C for 2 h. 
5.3.3. Measurement of structure-related changes and aggregation of MP 
Samples of control and GluOx-oxidized MP (40 mg/mL) with or without TGase 
treatment were diluted to 2 or 4 mg/mL protein with 15 mM PIPES containing 0.3 or 0.6 
M NaCl (pH 6.25), then subjected to chemical analysis and gel electrophoresis. For 
hydrophobicity and intrinsic fluorescence testing, MP samples were diluted to 0.25 mg/mL 
with 15 mM PIPES buffer (pH 6.25) containing 0.9 or 0.6 M NaCl to a final NaCl 
concentration of 0.6 M. 
 
5.3.3.1. Free sulfhydryls. Total free sulfhydryl content (4 mg/mL MP solution) was 
determined as described by Liu and others (2000). A molar extinction coefficient of 13600 
M−1 cm−1 was used to calculate the sulfhydryl concentration. 
5.3.3.2. Surface hydrophobicity (S0). The surface hydrophobicity (S0) was measured by the 
method of Hayakawa and Nakai (1985) using 8-anilinonaphthalene-1-sulphonic acid 
(ANS). An aliquot of MP solutions (4 mL, 0.05−0.25 mg/mL in 0.6 M NaCl) was 
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thoroughly mixed with 20 μL of 8.0 mM ANS in 0.01 M phosphate buffer (pH 7.0) and 
stored in the dark for 15 min at room temperature. The same MP solutions without ANS 
were used as blanks. The relative fluorescence intensity (RFI) was measured using a 
FluoroMax-3 spectrofluorometer (Horiba Jobin Yvon Inc., Edison, NJ, USA) at an 
excitation wavelength of 380 nm and an emission wavelength of 470 nm. The RFI values 
were plotted against protein concentrations and the slope was calculated by linear 
regression analysis as S0. 
 
5.3.3.3. Intrinsic fluorescent spectra. The diluted MP samples (0.25 mg/mL) in 15 mM 
PIPES with 0.6 M NaCl (pH 6.25) were excited at 283 nm, and the emission spectra from 
300 to 400 nm were recorded. The PIPES buffer with 0.6 M NaCl was used as a blank 
solution for all samples. 
 
5.3.3.4. Protein solubility. MP sample solutions (2 mg/mL) were centrifuged at 5000 g and 
4 °C for 15 min. Protein solubility was defined as the protein concentration of the 
supernatant divided by that of the original myofibrillar suspension. The protein 
concentration was determined by the Biuret method.  
 
5.3.3.5. Electrophoresis. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS–PAGE) was conducted on control and GluOx/TGase-modified MP samples 
according to the method of Laemmli (1970) with a 4% polyacrylamide stacking gel and a 
12% polyacrylamide resolving gel. For all MP samples, 1 mM N-ethylmaleimide (NEM, a 
thiol-blocking agent) was added before heating to prevent possible formation of disulfide 
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cross-linkage during sample preparation. Each sample well was loaded with 50 μg of 
protein. Formation of soluble polymers (SP) on the top of the stacking gel and loss of 
myosin heavy chain (MHC) and actin, relative to non-oxidized MP without TGase, were 
quantified using the UN-SCAN-IT software (Silk Scientific, Orem, Utah, USA) to analyze 
the effect of GluOx oxidation on TGase cross-linking using the following formula: 
Relative change (%) = pixel of sample – pixel of non-oxidized MP without TGasepixel of non-oxidized MP without TGase ×100. 
5.3.4. Evaluation of gelling properties of MP–lipid emulsion composites 
The gelling properties of MP–lipid emulsion composite samples were analyzed 
with a small-strain dynamic rheological test and a large-strain extrusion test. Emulsions 
were prepared by homogenizing 20 mg/mL MP suspension and canola oil (25%, w/w) with 
a Polytron PT 10-35 GT blender with PT-DA 12/2 EC-B154 aggregate (Brinkmann 
Instruments, Inc., Westbury, NY, USA) at a speed of 17,500 rpm for 2 min with the tubes 
submerged in an ice slurry. The emulsions were immediately added to the 40 mg/mL MP 
in 15 mM PIPES buffer containing 0.3 or 0.6 M NaCl (pH 6.25) by gently stirring with a 
glass rod. Then the MP–lipid sols (final 30 mg/mL MP and 10% lipid) were incubated with 
TGase (10 μg per mg MP) for 2 h at 4 °C. 
 
5.3.4.1. Dynamic rheological measurement. The viscoelastic characteristics of MP–lipid 
emulsion composites were continuously monitored during the heat-induced gelation with 
a Bohlin CVO 100 rheometer (Malvern Instruments, Westborough, MA, USA). Sols were 
heated between the parallel plates (upper plate, 30 mm diameter) from 20 to 75 °C at a 
1 °C/min rate with a fixed frequency of 0.1 Hz and controlled maximum strain of 0.02. To 
prevent dehydration, a thin layer of silicone oil was applied to the exposed edge of samples. 
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Changes in the storage modulus (G′, an elastic force) during the sol → gel transformation 
were recorded. 
 
5.3.4.2. Gel strength. Aliquots of 5 g each of MP–lipid emulsion composite sols were 
carefully transferred into glass vials (16.5 mm diameter) then heated from 20 °C to 75 °C 
at a rate of 1 °C /min in a water bath. After heating, gels in the vials were immediately 
chilled in an ice slurry and stored at 4 °C overnight. The gels in vials were then equilibrated 
at room temperature (22 °C) for 1 h and penetrated with a flat-faced stainless steel probe 
(14.8 mm diameter) at a speed of 20 mm/s. The initial peak force required to rupture the 
gel was expressed as gel strength. 
 
5.3.4.3. Cooking loss. Cooking loss was calculated using the following formula, where Wgel 
and Wsol are, respectively, the weight of the emulsion gel after heating and the weight of 
the original sol before heating:  
Cooking loss (%) = Wsol – WgelWsol  ×100. 
5.3.5. Gelling properties of MP–lipid emulsion composites with addition of xanthan in 
0.3 M NaCl 
To elucidate the potential use of xanthan to decrease cooking loss in GluOx/TGase-
modified MP–lipid emulsion composites gel with a low salt level (0.3 M NaCl), xanthan 
was added to the MP–lipid emulsion composites with a final content of 0.06%. The gel 
strength and cooking loss of MP–lipid–xanthan composite gels were evaluated. 
A stock solution of xanthan (1 % w/w) was dissolved in 15 mM PIPES buffer 
containing 0.3 M NaCl (pH 6.25) and stirred overnight. Emulsions were prepared by 
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homogenizing 20 mg/mL MP suspension in 0.3 M NaCl and canola oil (25%, w/w) with a 
Polytron PT 10-35 GT blender with PT-DA 12/2 EC-B154 aggregate (Brinkmann 
Instruments, Inc., Westbury, NY, USA) at a speed of 17,500 rpm for 2 min with the tubes 
submerged in an ice slurry. The emulsions and xanthan solution were immediately added 
to the 40 mg/mL MP in 15 mM PIPES buffer containing 0.3 M NaCl (pH 6.25) by gently 
stirring with a glass rod. Then, the MP–lipid–xanthan sols (final 30 mg/mL MP, 10% lipid, 
and 0.06% xanthan) were incubated with TGase (10 μg per mg MP) for 2 h at 4 °C.  
Aliquots of 5 g each of MP–lipid–xanthan composite sols were carefully transferred 
into glass vials (16.5 mm diameter) then heated from 20 °C to 75 °C at a rate of 1 °C /min 
in a water bath. After heating, gels in the vials were immediately chilled in an ice slurry 
and stored at 4 °C overnight. The gel strength and cooking loss were measured as described 
in section 5.3.4. 
5.3.6. Statistical analysis 
Data obtained from two independent trials (n = 2), each employing a new set of prepared 
MP, were submitted to the analysis of variance using the general linear model’s procedure 
of Statistix software 9.0 (Analytical Software, Tallahassee, FL, USA). Significant (P < 
0.05) differences between means were identified by the least significance difference (LSD) 
all-pairwise multiple comparisons. 
5.4. Results and discussion 
5.4.1 Protein structural changes 
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The structural changes of the MP caused by GluOx oxidation/TGase cross-linking with 
different NaCl concentrations were determined by comparing the sulfhydryl content, 
hydrophobicity, and solubility.  
 
5.4.1.1. Total free sulfhydryls. The conversion of free sulfhydryl (SH) to disulfide bonds 
(S–S) plays an important role in gel network formation and gel strength. As shown in Table 
5.1, the total free SH content in non-oxidized MP was 64.94 and 63.86 nmol/mg protein in 
0.6 and 0.3 M NaCl, respectively, and there was no significant difference between different 
salt levels (P > 0.05). A slight reduction of SH was induced by the GluOx oxidation or 
TGase cross-linking alone in 0.6 or 0.3 M NaCl (P > 0.05). The decreased content of SH 
during oxidation indicates thiol oxidation and new S–S formation, however, the decrease 
due to TGase treatment may result from the reburying of cysteine residues by the TGase-
induced intramolecular Gln-Lys bond.  
A remarkable decrease of SH in MP was also observed after GluOx 
oxidation/TGase treatment under both salt concentrations (P < 0.05). It’s noteworthy that 
GluOx/TGase treatments under 0.3 M NaCl resulted in a greater SH reduction (19.25 
nmol/mg protein) when compared to 0.6 M NaCl (9.46 nmol/mg protein). In addition, the 
decrease due to TGase in oxidized MP under 0.3 M NaCl concentration (13.96 nmol/mg 
protein) is larger than that under 0.6 M NaCl (6.50 nmol/mg protein). These results indicate 
a higher extent of cysteine residues in oxidized MP with 0.3 M NaCl was reburied by more 
intramolecular TGase cross-linking when compared to 0.6 M NaCl. Thus, it is tempting to 
suggest that the loose and swelling structure of oxidized MP in a high salt concentration 
contributed to the intermolecular TGase cross-linking. 
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5.4.1.2. Surface hydrophobicity and Tryptophan fluorescence. Table 5.1 also summarizes 
the surface hydrophobicity of MP treated with GluOx/TGase at different ionic strengths. It 
is also noticeable that both GluOx oxidation and TGase cross-linking reduced the surface 
hydrophobicity. It is generally accepted that oxidation-induced unfolding exposes the 
originally buried hydrophobic amino acids to the polar surface allowing enhanced surface 
hydrophobicity, conversely, oxidation-induced aggregation occludes the surface 
hydrophobic residues, leading to decreased surface hydrophobicity (Cao and Xiong 2015). 
Thus, the GluOx oxidation- and TGase cross-linking-induced decrease of surface 
hydrophobicity can be explained by the occlusion of the surface hydrophobic amino acids, 
that is, the aggregation of MP. 
In addition, the detailed comparisons between the oxidized samples with or without 
TGase treatment showed that the surface hydrophobicity of GluOx-oxidized MP further 
decreased with TGase crosslinking at both salt concentrations (P < 0.05). The decrease due 
to TGase in GluOx-oxidized MP was less with 0.3 M NaCl (ΔS0 = 30.65) when compared 
to 0.6 M NaCl (ΔS0 = 61.98). It is perhaps in 0.3 M NaCl, the relatively intact and packed 
structure of oxidized MP would less likely predispose the oxidized MP to TGase catalyzed 
intermolecular cross-linking which agrees with the reduction of SH (Table 5.1). 
Although the aromatic amino acids including phenylalanine, tyrosine, and 
tryptophan (Trp) can produce fluorescence, intrinsic protein fluorescence is mainly due to 
Trp, because phenylalanine has a very low quantum yield and emission by tyrosine in 
native protein is often quenched (Möller and Denicola 2002). Structural changes in MP can 
be reflected by the movement of aromatic side chains, making Trp emission spectra a good 
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tool to monitor these changes during protein folding/unfolding dynamics. The Trp 
fluorescence results (Figure 5.1) are consistent with that of surface hydrophobicity 
measurements using the ANS fluorescence probe. For example, both GluOx oxidation and 
TGase catalysis caused the quenching of Trp fluorescence intensity, which was more 
apparent for GluOx/TGase treatments in 0.6 M than 0.3 M NaCl. In addition, the relative 
fluorescence intensity in Figure 5.1 inset shows the effect of different treatments on the 
decrease of Trp fluorescence intensity in both salt concentrations in the following sequence: 
GluOx/TGase > TGase > GluOx, which is also in accordance with the effect on the 
decrease of surface hydrophobicity. 
 
5.4.1.3. Solubility. As expected, the solubility of MP was higher in 0.6 M than 0.3 M NaCl, 
and GluOx/TGase treatment led to a remarkable decrease of solubility in both salt 
concentrations (P < 0.05). The salt concentration clearly affected the extent of protein 
aggregations due to GluOx/TGase. With GluOx oxidation or TGase crosslinking alone, the 
protein solubility attenuated in both salt concentrations leading to the formation of 
aggregates. However, despite the numerical trend suggesting this being the case, the 
difference was significant in 0.6 M NaCl (P < 0.05) but insignificant in 0.3 M NaCl (P > 
0.05). This indicates that GluOx oxidation or TGase cross-linking alone resulted in more 
aggregation in 0.6 M NaCl because of a more profusely swollen structure of MP with more 
susceptible active amino acid residues. 
 
5.4.1.4. Electrophoretic evidence of differential cross-linking. Protein polymerization 
after treatment with GluOx-H2O2 and TGase under different salt concentrations was 
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analyzed by SDS–PAGE. The inset in Figure 5.2 displays the soluble polymer (SP) formed, 
and myosin heavy chain (MHC) and actin lost relative to non-oxidized MP without TGase. 
When compared to non-oxidized MP without TGase treatment, oxidized samples 
in both salt concentrations had a small reduction of MHC and actin. TGase-catalyzed cross-
linking caused further reduction in the oxidized samples, that is, more cross-links in 
GluOx/TGase treatment when compared with GluOx oxidation only.  
For non-oxidized MP without TGase (MP control), a trace of some high molecular 
weight bands appeared at or near the top of stacking and separating gels and more visible 
in 0.6 M NaCl than in 0.3 M. These were likely due to the degradation of titin (approx. 
3,000 kDa) or neblin (approx. 800 kDa) in the presence of SDS, and the high salt 
concentration tended to increase the degradation (Pighin and Gonzalez 2008). It is 
noteworthy that both oxidation and TGase reactions generated high-molecular-weight SP 
on the top of stacking gels in both salt concentrations, and the salt concentration clearly 
affected the extent of polymer formation. For example, oxidation-induced SP without 
TGase in 0.3 M NaCl was less than in 0.6 M (37.3% compared to 78.7%); TGase-induced 
SP from non-oxidized MP in 0.3 M was more than in 0.6 M (108.6% compared to 34.7%) 
in agreement with the relative loss of MHC and actin.  
To study the effect of GluOx oxidation on TGase crosslinking of MP in different 
ionic strength conditions, the relative changes of band intensity (Δ) due to TGase were 
calculated by subtracting the relative changes of pixel in samples without TGase from those 
with TGase. Comparing the ΔMHC due to TGase between non-oxidized and oxidized 
samples showed oxidation restrained the MHC from participating in TGase-catalyzed 
cross-linking in both 0.3 and 0.6 M NaCl, that is, the available substrate residues (Lys or 
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Gln) in MHC were occluded by GluOx oxidation-induced aggregation. However, the 
impact of GluOx oxidation in Δactin varied with salt concentrations. When oxidized in 0.6 
M NaCl, the actin became more susceptible to TGase cross-linking with increased Δactin 
due to TGase; conversely, in 0.3 M NaCl, the GluOx oxidation-induced cross-linking 
would less likely predispose actin to TGase-catalyzed cross-linking (decreased Δactin due 
to TGase). Because NaCl concentration directly affects the binding strength of myosin 
heads to actin, raising the NaCl concentration weakens the binding of actin and myosin, 
resulting in more F-actin or G-actin instead of actomyosin (Offer and Trinick 1983). 
Consequently, GluOx oxidation-induced polymers of F-actin or G-actin in 0.6 M NaCl 
would enhance the content of actin involved in the TGase cross-linking, whereas, the actin 
existing as actomyosin in 0.3 M NaCl would be physically restrained to TGase cross-
linking because of oxidation-induced myosin polymers. The negative ΔSP value in 
oxidized samples may be due to further TGase cross-linking-induced polymers that were 
unable to enter the stacking gel. 
5.4.2. Gelling properties of MP–lipid emulsion composites 
5.4.2.1. Dynamic rheological measurements. The effect of salt levels on the rheological 
properties of GluOx oxidation/TGase-treated MP was studied in a MP–lipid emulsion 
composites model. The storage modulus (G'), which describes the elasticity of the MP–
lipid composite sol, was continuously monitored during thermal gelation (Figure 5.3, A: 
0.6 M NaCl, B: 0.3 M NaCl).  
As shown in Figure 5.3A, for non-oxidized MP in 0.6 M NaCl, there were two 
typical peaks (45 and 55 °C) in the G' curve, which were attributed to the association of 
myosin heads followed by the aggregation of myosin tail rods, given their thermal 
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transition temperatures as reported by Dergez and others (2007). As shown in Figure 5.3A 
inset, the first peaks shifted left after GluOx oxidation with or without TGase treatment 
suggesting that myosin head-head interactions were promoted by GluOx oxidation. This is 
likely due to the oxidation-induced disulfide linkage which resulted in a lower gelation 
onset temperature. 
However, no significant peak was seen in the G′ curve under 0.3 M NaCl conditions 
(Figure 5.3B), which began to rise at 50 °C until attaining a maximum value (31 Pa) at the 
end of heating. Wright and Wilding (1984) found a similar trend where myosin filaments 
at pH 6 in a low salt condition (0.2 M KCl) had only one denaturation temperature (54 °C) 
while multiple transitions occurred in a high salt concentration (43, 50, and 59 °C in 0.9 M 
KCl).  
The efficacy of different treatments on the enhanced final G' at 75 °C was in the 
following sequence in both salt levels: GluOx/TGase > TGase > GluOx, which was 
consistent with the decrease of hydrophobicity, that is, the extent of aggregation. The 
GluOx/TGase-induced increase of the final G' was obviously affected by the NaCl 
concentration. In 0.6 M NaCl, the final G' increased by a factor of 3.5; in 0.3 M NaCl, it 
increased by a factor of 11.2. It is not surprising different salt levels affected the 
GluOx/TGase reaction and gelation of MP in MP–lipid composite gels. Li and others (2012) 
reported MP oxidized with hydroxyl radicals at 0.15 M NaCl then suspended in 0.6 M 
NaCl with TGase treatment had a different gelation behavior from those oxidized in a high 
salt solution. This is because of the different changes in myofilament structure and 
crosslinking pattern, as well as the different availability of glutamine and lysine residues 
for reaction with TGase. 
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Li and others (2012) also found oxidation promoted TGase-mediated MP gelation 
with increased final G' (75°C) by 27% in 0.15 M NaCl and 22% in 0.6 M NaCl. However, 
in the present study, GluOx oxidation did not improve the efficacy of TGase on the 
enhancement of the final G', namely, Δ G′ due to TGase in oxidized samples was lower 
than that in non-oxidized samples. In addition, the diminishing effect of oxidation on 
TGase-induced elasticity enhancement was higher in 0.6 M NaCl than 0.3 M, as GluOx 
oxidation decreased the Δ G′ due to TGase by 40% in 0.6 M NaCl and only 5% in 0.3 M 
as shown in the Figure 5.3 inset. 
 
5.4.2.2. Gel strength and cooking loss. The “set emulsion gels” (cooked then chilled) were 
subjected to penetration testing at room temperature, and the initial rupture force was 
recorded as gel strength (Figure 5.4). The GluOx/TGase treatment produced the firmest 
gels in both salt levels (P < 0.05), followed by TGase crosslinking, and GluOx oxidation 
in agreement with the rheological results. Yet, unlike the elasticity of the gel network (G', 
Figure 5.3), GluOx oxidation promoted the TGase effect on the increase of gel strength: in 
0.6 M NaCl, the TGase-induced gel strength (Δ due to TGase) increased from 0.37 N in 
non-oxidized MP to 0.47 N in oxidized samples; in 0.3 M NaCl, Δ due to TGase increased 
from 0.15 N in non-oxidized MP to 0.40 N in oxidized samples. 
Although the GluOx/TGase treatment in 0.3 M NaCl increased the gel strength to 
the same level as those treated with TGase in 0.6 M NaCl, suggesting a potential 
application of GluOx/TGase for improving gel strength in low ionic strength conditions, 
the cooking loss was significantly increased by TGase treatment and low ionic strength, as 
shown in Table 5.2. The cooking loss at high ionic strength (0.6 M NaCl) was negligibly 
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affected by GluOx/TGase treatment (0.5–3.7%, P > 0.05); in 0.3 M NaCl, the cooking loss 
was 32–37% for samples without TGase and up to 43% with GluOx/TGase (P < 0.05). The 
results were as expected because myosin molecules assembled in filaments in the low salt 
level were unconducive for gelation and liquid retention (Puolanne and Halonen 2010). 
The addition of TGase increased cooking loss, which has been similarly reported by 
Ahhmed and others (2009) in chicken MP gels. 
5.4.3. Textural and water-binding properties of set gels with addition of xanthan 
To determine the influence of xanthan on textural and water-binding properties of 
GluOx/TGase modified MP emulsion gels in a low salt condition, the set emulsion gels 
prepared with 0.06% xanthan in 0.3 M NaCl were characterized by gel strength and 
cooking loss. Images of MP emulsion gels in Figure 5.5 show the cooked gels without 
xanthan extruded a large volume of liquid visible on the bottom of the tubes, resulting in a 
31–37% cooking loss. With the addition of xanthan, the cooking loss significantly 
decreased to 0.2–7.8% (P < 0.05) resulting in an unnoticeable amount of liquid, save for 
the GluOx/TGase treated samples which extruded a small amount of liquid with a 7.8% 
cooking loss. 
However, despite the cooking loss being significantly reduced with the addition of 
polyol xanthan, the puncture testing showed the gel strength of MP–lipid–xanthan 
composites were decreased by xanthan (Figure 5.6). This was likely because its high 
molecular weight would hinder the formation of the protein network (Montero and others 
2000). Similar phenomenon was also reported in TGase treated MP–xanthan gels by Shang 
and Xiong (2010). 
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5.5. Conclusion 
GluOx oxidation at 0.3 or 0.6 M NaCl promoted cross-linking and aggregation of 
MP with or without TGase treatment. GluOx oxidation/TGase cross-linking enhanced the 
elasticity of MP–lipid composites during thermal gelation, resulting in a firmer gel than 
MP control and those treated with GluOx or TGase alone in 0.3 or 0.6 M NaCl. However, 
the effect of GluOx oxidation on TGase efficacy in cross-linking or thermal gelation was 
complex. The GluOx oxidation increased the efficacy of TGase reaction in improving MP–
lipid composite gels strength but decreased its efficacy in increasing the elasticity of MP–
lipid composite gels at 75 °C; the trend was the same in both salt levels. The addition of 
xanthan in 0.3 M NaCl could reduce the cooking loss of MP–lipid composite gels, but led 
to a poor gel network with lower gel strength. Further study needs to be conducted to find 
an appropriate hydrocolloid to decrease cooking loss while maintaining gel strength. These 
findings provide further understanding of GluOx oxidation/TGase treatment induced 
changes in the structural and gelation properties of MP under different salt concentrations. 
The GluOx/TGase combination offers great potential for the rheological enhancement of 
muscle protein in low-sodium comminuted meat products. 
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Table 5.1. Structural changes of myofibrillar protein (MP) caused by oxidation (12 h) with GluOx followed by cross-linking with TGase 
(2 h) at 4 °C in 0.3 M or 0.6 M NaCl. Oxidation was carried out with 8 μg GluOx and 50 μg glucose per MP in the presence of 10 μM 
Fe.   
X–Z, A–D, a–d, x-y Means without a common letter differ significantly (P < 0.05).  
 
NaCl (M) 
Glucose oxidase (μg/mg MP) 
0 8  0 8  0 8 
SH(nmol/mg protein)  Surface hydrophobicity (S0)  Solubility (%) 
0.6 –TGase 64.94±2.79
X 61.98±2.97XY  206.45±6.96A 186.47±2.34AB  87.72±3.38a 68.61±0.71b 
+TGase 58.72±2.18XY 55.48±1.04Y  172.72±2.08BC 124.49±4.23D  64.32±0.68bc 60.58±4.27c 
0.3 –TGase 63.86±1.53
XY 58.57±3.54XY  197.98±2.71A 164.42±6.35BC  11.41±0.70d,x 9.70±0.46d,x 
+TGase 60.50±6.19XY 44.61±2.39Z  157.51±18.60C 133.77±5.48D  10.34±0.79d,x 7.46±0.41d,y 
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Table 5.2. Structural changes of myofibrillar protein (MP) caused by oxidation (12 h) with 
GluOx followed by cross-linking with TGase (2 h) at 4 °C in 0.3 M or 0.6 M NaCl. 
Oxidation was carried out with 8 μg GluOx and 50 μg glucose per MP in the presence of 
10 μM Fe. Means without a common letter (A–D) differ significantly (P < 0.05).  
 
 Cooking loss (%)   
 0.6 M NaCl 0.3  M NaCl 
Non-oxid, –TGase  0.54 ± 0.20D 32.73 ± 2.63C 
Oxid, –TGase  0.55 ± 0.13D 37.34 ± 3.85BC 
Non-oxid, +TGase  0.61 ± 0.48D 43.21 ± 4.68A 
Oxid, +TGase  3.74 ± 0.79D 39.65 ± 7.93AB 
A–D Means without a common letter (A–D) differ significantly (P < 0.05). 
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Relative fluorescence intensity 
NaCl 
(M)  
Glucose oxidase (μg/mg MP) 
0  8 
0.6 –TGase 100%  94% +TGase 86%  71% 
0.3 –TGase 100%  93% +TGase 90%  88% 
 
Figure 5.1. Changes in the relative intensity (RFI) of intrinsic fluorescence spectra of 
myofibrillar protein (MP) caused by oxidation (12 h) with GluOx followed by cross-linking 
with TGase (2 h) at 4 °C in 0.3 M or 0.6 M NaCl. Oxidation was carried out with 8 μg 
GluOx and 50 μg glucose per MP in the presence of 10 μM Fe.   
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Figure 5.2. SDS–PAGE patterns of myofibrillar protein (MP) caused by oxidation (12 h) 
with GluOx followed by cross-linking with TGase (2 h) at 4 °C in 0.3 M or 0.6 M NaCl. 
Oxidation was carried out with 8 μg GluOx and 50 μg glucose per MP in the presence of 
10 μM Fe. Relative changes of pixel by TGase treatment: Δ Due to TGase = sample with 
TGase – sample without TGase.  
 
 
 
 
  
(B) 0.3 M NaCl(A) 0.6 M NaCl
Glucose oxidase (µg/mg MP)
0   8       0       8               0      8       0       8
−TGase +TGase
MHC                             
Actin
−TGase +TGase
Glucose oxidase (μg/mg MP)
(A) 0.6 M NaCl (B) 0.3 M NaCl
0 8 0 8
MHC
(−TGase) 0.0 15.9 0.0 10.5
(+TGase) 21.7 32.5 34.6 39.0
Δ Due to TGase 21.7 16.6 34.6 28.5
Actin
(−TGase) 0.0 11.7 0.0 10.0
(+TGase) 9.3 26.2 13.9 19.4
Δ Due to TGase 9.3 14.5 13.9 9.4
SP
(−TGase) 0.0 78.8 0.0 37.3
(+TGase) 34.7 61.3 108.6 141.3
Δ Due to TGase 34.7 −17.5 108.6 104.0
Soluble polymers (SP) formed and myosin heavy chain and actin 
lost relative (%) to non-oxidized samples without TGase
SP
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 G′ at 75 °C, Pa 
 0.6 M NaCl 0.3  M NaCl 
Oxid, +TGase  1392 346 
Non-oxid, +TGase  1163 266 
Oxid, –TGase  929 123 
Non-oxid, –TGase  396 31 
Oxid, Δ G′ Due to TGase  463 223 
Non-Oxid, Δ G′ Due to TGase  767 235 
Figure 5.3. Representative of storage modulus (G′) development of myofibrillar protein 
(MP)–lipid emulsion composite sols in 0.3 M or 0.6 M NaCl during thermal gelation. Prior 
to gelation, MP was modified by oxidation (12 h) with GluOx followed by cross-linking 
with TGase (2 h) at 4 °C. Relative changes of G′ by TGase treatment: Δ Due to TGase = 
sample with TGase – sample without TGase.  
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Figure 5.4. Gel strength of myofibrillar protein (MP)–lipid emulsion composite gels. Prior 
to gelation, MP was modified by oxidation (12 h) with GluOx followed by cross-linking 
with TGase (2 h) at 4 °C in 0.3 M or 0.6 M NaCl. Oxidation was carried out with 8 μg 
GluOx and 50 μg glucose per MP in the presence of 10 μM Fe. Means without a common 
letter (A–D) differ significantly (P < 0.05). 
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Figure 5.5. Cooking loss of myofibrillar protein (MP)–lipid emulsion composite gels with 
the addition of xanthan. Prior to gelation, MP was modified by oxidation (12 h) with GluOx 
followed by cross-linking with TGase (2 h) at 4 °C in 0.3 M NaCl. Oxidation was carried 
out with 8 μg GluOx and 50 μg glucose per MP in the presence of 10 μM Fe. Means without 
a common letter (a–d) differ significantly (P < 0.05). 
  
31.70%b 0.19%d 31.49%b 0.21%d 36.66%ab 0.27%d 33.89%ab 7.80%dCooking 
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Figure 5.6. Gel strength of myofibrillar protein (MP)–lipid emulsion composite gels with 
the addition of xanthan (0.06%). Prior to gelation, MP was modified by oxidation (12 h) 
with GluOx followed by cross-linking with TGase (2 h) at 4 °C in 0.3 M NaCl. Oxidation 
was carried out with 8 μg GluOx and 50 μg glucose per MP in the presence of 10 μM Fe. 
Means without a common letter (A–E) differ significantly (P < 0.05).
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CHAPTER 6 
GLUCOSE OXIDASE OXIDATION APPLIED TO THE DEVELOPMENT OF 
EMULSION-TYPE SAUSAGES 
6.1. Summary 
This study was conducted to explore the feasibility of the application of glucose 
oxidase (GluOx) in the development of emulsion-type sausages. An emphasis was placed 
on the effect of GluOx oxidation and GluOx oxidation/transglutaminase (TGase) cross-
linking on the textural properties of low-salt emulsion-type sausages. Emulsion-type 
sausages with 1.5 or 3% NaCl, treated with 0, 20, 100, or 500 ppm GluOx in the presence 
of 0.5% glucose for 12 h, and 0, 0.1% TGase for 2 h at 4 °C, were analyzed for textural 
properties, pH, color, cooking yield and microstructure. The GluOx oxidation/TGase cross-
linking improved the textural properties (firmness, chewiness, and rupture force) of 
emulsion-type sausages under both salt levels (P < 0.05). Under low-salt condition (1.5% 
NaCl), GluOx/TGase treatment can increase the sausage binding strength to the same level 
as the control sample under high-salt condition (3% NaCl). The treatment with 100 and 
500 ppm GluOx/TGase resulted in significant decrease of cooking yield (up to 13%) in 
low-salt sausage. The pH of sausages decreased with the addition of GluOx with or without 
TGase from 6.2 to 5.3. The significant decrease of a* value and increase of b* value 
indicated the GluOx-induced color deterioration. 
  
 
 
99 
 
6.2. Introduction 
In the United States, the majority of pork is consumed in the form of processed 
meat products of which approximately 20% of in-home consumption is through sausage 
products, such as bologna and frankfurter sausages (National Pork Board 2009). The 
quality of processed meat has been generally attributed to the muscle protein functionality 
that influences product texture and cooking yield. For example, in a finely comminuted 
sausage, muscle proteins provide a three-dimensional gel matrix with water- and fat- 
binding properties and emulsion to influence the product texture, physical stability, and 
cooking yield, contributing to the quality of meat products. To achieve the best functional 
performance of muscle protein, especially salt-soluble myofibrillar protein (MP), the 
addition of NaCl (2–3%) is required to extract MP during processing (Sun and Holley 
2011). An early study showed the reduction of NaCl content resulted in a less firm texture 
of emulsion-type sausages (Seman and others 1980). Sofos (1983) also reported frankfurter 
sausages with reduced salt content (< 2.0% NaCl) have poor binding quality, i.e., an 
increased cooking loss and less emulsion stability. 
In recent decades, the high levels of dietary sodium in processed foods have been 
considered a potential health risk, linked to hypertension and consequent cardiovascular 
disease (Cook and others 2007). Therefore, controlling dietary sodium and developing low-
sodium meat products are in high demand. Various non-meat ingredients and processing 
technologies have been studied to improve the textural and binding properties of low-salt 
meat products, such as polysaccharide, transglutaminase (TGase), and high-pressure 
processing (Ruusunen and Puolanne 2005; Sikes and others 2009). TGase, an enzyme to 
cross-link proteins through the glutamine-lysine bond, has been applied to a variety of food 
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systems, including comminuted meat products, as a binding reagent to enhance the textural 
properties of products (Pietrasik and Li-Chan 2002). Tseng and others (2000) reported that 
TGase from pig plasma improved firmness and cooking yield of low-salt chicken meatballs 
(1% NaCl). Improved textural properties of low-sodium (1% NaCl) chicken emulsion gels 
were also achieved when microbial TGase in combination with high-pressure processing 
was applied (Trespalacios and Pla 2007). 
Despite the usefulness of TGase cross-linking to improve the textural properties of 
low-salt comminuted meat products, the reaction was reported to be salt-concentration- 
dependent, as the efficacy of TGase in the elasticity of MP gels appeared to increase with 
higher concentrations of NaCl (Chin and others 2009). Evidence supporting this premise 
was provided by Téllez-Luis and others (2002) who reported that the use of TGase 
treatment improved the mechanical properties of fish restructured products as a function of 
salt levels. Therefore, finding a new strategy and improving the TGase efficacy under a 
reduced ionic strength condition would be crucial in improving the textural properties of 
low-salt comminuted meat products. 
In the previous study, Glucose oxidase (GluOx)/glucose/Fe-oxidizing system was 
found to induce appropriate structural changes, increasing the coordination of protein–
protein associates and aggregates, therefore facilitating the formation of ordered protein 
matrixes for elastic gel networks. In addition, we investigated the effects of the GluOx 
oxidation/TGase cross-linking pathway under different salt concentrations on the gelling 
potential of MP in a MP–lipid emulsion composite model, showing GluOx oxidation 
increased TGase efficacy in improving the firmness of a MP–lipid emulsion composite gel 
with low salt level (0.3 M NaCl). GluOx, considered a generally recognized as safe (GRAS) 
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additive in food processing, can be inactivated at 62 °C and has the potential to be used 
during the thermal processing of meat products (Gouda and others 2003; Wong and others 
2008). However, data generated from model systems are occasionally not readily applied 
to the  in situ conditions of processing meat because the conditions are generally simplified 
to address specific questions (Xiong and Kenney 1999). Hence, the application of 
GluOx/TGase in comminuted food products should be investigated. So far, there have not 
been published studies assessing the impact of GluOx oxidation and GluOx 
oxidation/TGase cross-linking on the textural changes of emulsion-type sausages. The 
objective of the present study was to evaluate the effect of GluOx oxidation/TGase cross-
linking on the textural properties of emulsion-type sausages under different salt conditions. 
An emphasis was placed on the effect of GluOx oxidation on TGase efficacy to understand 
the role of oxidation in the GluOx oxidation/TGase cross-linking pathway. 
6.3. Materials and methods 
6.3.1. Materials 
Porcine lean shoulder meat and back fat (48 h post-mortem) were obtained from 
the University of Kentucky Meat Laboratory, a USDA-approved facility. Samples from 
different pigs were cut into cubes (approximately 3 cm3), homogenized, randomly divided 
into aliquots, vacuum-packaged, and stored in a –30 °C freezer for less than 6 months 
before use. Glucose oxidase, transglutaminase, and organic iron (Fe) were donated by 
Ajinomoto Co., Inc. (Kawasaki, Japan). All other chemicals were reagent grade or higher 
and purchased from Sigma-Aldrich (St. Louis, MO, USA), Fisher Scientific (Pittsburgh, 
PA, USA), or VWR International (Radnor, PA, USA). 
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6.3.2. Preparation of emulsion-type sausages 
Meat was thawed at 4 °C for approximately 12 h, then ground using a meat grinder 
(Kitchen Aid Inc., St. Joseph, Michigan, USA) with a 4.5 mm plate. The fat was ground 
separately while in a frozen state. The fat and moisture content of both the meat and fat 
were analyzed with a HTF 2000 digital fat analyzer (Data Support Co., Inc., Encino, CA, 
USA). Before sausage preparation, the lean meat was stored at 4 °C in the refrigerator and 
the fat at –18 °C in the freezer. 
The recipe of emulsion-type sausages contained lean meat (60%), pork fat (final fat 
15%), sodium chloride (1.5% or 3%), dextrose (0.5%), sodium nitrite (78 ppm), sodium 
erythorbate (275 ppm), GluOx (0, 20, 100, or 500 ppm), TGase (0 or 0.1%), and ice/water. 
The ingredients were added and mixed in a food processor (Cuisinart DFP-14BCN, East 
Windosro, NJ, USA), in the following order: 1) lean meat, sodium chloride, and 1/5 ice 
water, for 2 min; 2) sodium nitrite and 1/5 ice water, for 30 sec; 3) sodium erythorbate, 
dextrose, and 1/5 ice water, for 30 sec; 4) fat and 1/5 ice water for 30 sec; 5) GluOx and 
1/5 ice water, for 30 sec. All meat batters were stored at 4 °C for 12 h during GluOx 
oxidation. For GluOx/TGase treated samples were stored for another 2 h with the addition 
of TGase. The meat batters were stuffed into 19 mm diameter cellulose casings and tied 
into sections each approximately 12 cm in length using cotton twine. 
Sausages were slowly cooked in a water bath from 20 to 75 °C at a heating rate of 
approximately 0.7 °C/min until an internal temperature of 74 °C was reached. After 
cooking, the sausages were cooled, vacuum-packaged, and stored at 4 °C overnight before 
further analysis. 
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6.3.3. Cooking yields 
The weight of each sausage was measured before and after cooking to determine the 
cooking yield, which was calculated using the following equation: 
Cooking yield (%) =
Raw sausage weight – Cooked sausage weight
Raw sausage weight × 100 
6.3.4. Textural analysis 
Before textural analysis, all sausages were equilibrated at room temperature for 1 
h. The texture profile analysis (TPA) was performed by a double compression cycle test 
between two parallel plates, using a Universal Testing Machine (EZ-S, Shimadzu, Tokyo, 
Japan). The sausages were carefully cut into 19 mm thick sections with a sharp razor blade. 
The samples were compressed to 20% of their original height using a crosshead speed of 
20 mm/s. A typical force-by-time curve plot is presented in Figure 6.1. The TPA 
parameters are defined per the following equations (Szczesniak 2002; Caine and others 
2003):  
Firmness (N) = peak force F1 in the first compression cycle;  
Springiness = Distance 2/Distance 1;  
Cohesiveness = Area 2/Area 1;  
Chewiness (N) = Firmness * Cohesiveness * Springiness  
The springiness describes how well a sample physically springs back after the first 
compression; the cohesiveness reflects how well a sample responds a second deformation 
relative to how it behaved during the first deformation; the chewiness is defined as the 
amount of energy needed to chew solid food before swallowing (Chiabrando and others 
2009). 
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To determine the breaking strength, another set of sausage samples (19 mm height) 
were compressed until the structure was disrupted. The initial force required to break the 
sausage was defined as the rupture force. Shear force was measured by shearing another 
set of sausage samples with a Warner-Brazler shearing blade at a speed of 200 mm/min. 
6.3.5. pH and color measurement  
Aliquots of 5 g of the minced cooked sausage samples were mixed with 15 mL 
deionized water, then homogenized for 30 s with a Polytron PT 10/35 blender with PTA-
20TS aggregate at a speed setting of 3. The pH of the slurry was measured.  
Colorimetric values (L*, a*, and b*) of the cross-section of sausages were 
determined using a Hunter Labscan XE Colorimeter (Hunter Laboratory Inc., Restonva, 
VA, USA) with a 0.25-inch aperture and illuminant A (average incandescent, tungsten-
filament lighting). Three measurements were taken on each sausage at different cross-
sections. 
6.3.6. Scanning electron microscopy (SEM) 
Samples for SEM examination were prepared as described by Feng and others 
(2003) with slight modifications. Small cubes (approximately 5 mm3) were obtained from 
cooked sausages and fixed in 0.1 M phosphate buffer (pH 7.2) containing 4% 
paraformaldehyde and 1% glutaraldehyde. Fixed samples were washed with 0.1 M 
phosphate buffer (pH 7.2) 3 times and then postfixed for 5 h in 0.1 M phosphate buffer (pH 
7.2) containing 1% osmium tetroxide. The post-fixed samples were washed with 0.1 M 
phosphate buffer (pH 7.2) 3 times and dehydrated by immersion in a series of ethanol (50, 
75, 90, 95 and twice 100% for 30 min each). Samples were further dehydrated by 
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submerging in acetone then drying in warm air. Dried samples were sputter-coated with 
gold and examined under a FEI Quanta 250 (FEI Inc., Hillsboro, OR, USA) with 2 kV 
accelerating voltage. 
6.3.7. Statistical analysis 
Data obtained from two independent trials (n = 2), each with duplicate or triplicate sample 
analyses were performed. The results were submitted to the analysis of variance using the 
general linear model’s procedure of Statistix software 9.0 (Analytical Software, 
Tallahassee, FL, USA). Significant (P < 0.05) differences between means were identified 
by the least significance difference (LSD) all-pairwise multiple comparisons. 
6.4. Results and discussion 
6.4.1. Texture of cooked emulsion-type sausages 
6.4.1.1. Textural profile analysis (TPA). The textural profiling (springiness, cohesiveness, 
chewiness, and firmness) of the mechanical properties during a two-cycle compression test 
was shown in Table 6.1 for 1.5% NaCl and Table 6.2 for 3% NaCl. Due to the extensive 
structural damage that occurred with approximately 60% deformation, the two-cycle 
compression testing was set as 20% deformation. In the TPA results, the firmness 
(“hardness” in other literatures) is the most commonly used parameter to evaluate meat 
products texture in scientific literatures, which is the first peak value in the first-cycle 
compression (Figure 6.1).  
The firmness of sausages with 1.5% NaCl in Table 6.1 was increased by a net of 
25–34% for GluOx oxidation, 49% for TGase cross-linking and 38–66% for GluOx/TGase 
treatment (P < 0.05). The chewiness of low-salt sausages showed significant increase by a 
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net of 39–50% due to GluOx oxidation, 62% due to TGase, and 60–80% due to 
GluOx/TGase (P < 0.05).  
Interestingly, GluOx/TGase treatment did not improve the springiness, but GluOx 
oxidation alone increased the springiness of low-salt sausages by 14–17% (P < 0.05). It 
suggested that although both GluOx and TGase treatments could improve the firmness of 
sausages, the effects on other textural parameters (springiness and cohesiveness) were 
different, which may lead to different sensory attributes. Furthermore, GluOx/TGase 
treatment enhanced the firmness and chewiness of low-salt sausages to the same level as 
those of the control high-salt sausage (Table 6.2). 
 For sausages with 3% NaCl in Table 6.2, the firmness reduced if the samples were 
treated with 20 and 100 ppm GluOx when compared with the control. Nevertheless, when 
the sausages were treated with 500 ppm GluOx, the firmness increased by 13%; when 
treated with GluOx/TGase, the sausage firmness increased by 18–23% (P < 0.05). These 
results led to 22% increase of chewiness due to 500 ppm GluOx and 21–36% increase due 
to GluOx/TGase (P < 0.05).  
TGase treatment alone (without GluOx) did not cause any significant change of 
firmness and chewiness in high-salt sausages (P > 0.05). Comparison between the 
treatments of GluOx oxidation and GluOx/TGase, Δ = GluOx/TGase – GluOx, showed 
that Δ firmness and Δ chewiness due to TGase as a function of GluOx content is in the 
following order: 20 ppm GluOx > 100 ppm GluOx > 500 ppm GluOx > non-oxidized 
sausage. This suggests mild GluOx oxidation may increase the efficacy of TGase on 
improving high-salt sausage firmness and chewiness. Whereas in low-salt sausage, as 
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discussed above, GluOx did not improve the efficacy of TGase on firmness or chewiness:  
Δ of non-oxidized sample was higher than that of GluOx-treated samples. 
 
6.4.1.2. Rupture force. A significant increase of nearly 2-fold of rupture force induced by 
GluOx/TGase treatment was found in sausage with both salt levels in Table 6.3 (P < 0.05). 
As expected, the sausages with 3% NaCl were more resistant to structural failure when 
compared to the ones with 1.5% NaCl (i.e., for non-oxidized ones: 52.98 vs 20.55 N). The 
stronger binding strength and texture in high-salt sausages could be attributed to the 
extraction of MP and release of myosin for thermal gelation (Ishioroshi and others 1979). 
With 100 ppm GluOx/TGase treatment, the rupture force of sausages with 1.5% NaCl 
reached to 50.38 N, comparable to that of the control with 3% NaCl (52.98 N), which was 
in accordance with the notable increase in firmness and chewiness, confirming that protein 
polymers induced via GluOx/TGase pathway could enhance the rheological properties of 
low-salt sausages. 
For GluOx/TGase treatment, the increase of rupture force due to TGase (Δ) in 3% 
NaCl (38–58 N) was larger than that in 1.5% NaCl (18–21 N). However, there was no 
obvious trend for the effect of GluOx on TGase-induced rupture force. Notably, under 1.5% 
NaCl, GluOx at 100 ppm resulted in an increase of rupture force from 41.75 to 50.38 N for 
GluOx/TGase treatment but dropped back to 42.28 N at 500 ppm. Similarly, the 500 ppm 
GluOx/TGase treatment under 3% NaCl also led to a decrease from 104 to 92 N (P < 0.05), 
indicating the content of GluOx in GluOx/TGase affects the overall effect, and that 
excessive oxidation tends to diminish the binding strength. 
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6.4.1.3. Shear force. There was no significant change of shear force in low-salt sausages 
(Table 6.4). For sausages with 3% NaCl, GluOx oxidation (except 20 ppm), TGase, and 
GluOx/TGase treatments significantly increased the shear force (P < 0.05). Without TGase 
treatment, shear force increased overall with increasing GluOx under 3% NaCl; however, 
with TGase treatment, there was no significant change, and Δ due to TGase decreased with 
increasing GluOx. These results suggest GluOx oxidation failed to improve TGase efficacy 
in increasing firmness, springiness, cohesiveness, and chewiness of low-salt sausages.  
6.4.2. Cooking yield 
As shown in Table 6.5, GluOx oxidation or TGase treatment alone decreased the 
cooking yield of sausages with 1.5% NaCl slightly from 88% to 84% (P > 0.05, Table 6.3), 
whereas GluOx/TGase significantly decreased the cooking yield by 7% at 100 ppm and 
12% at 500 ppm GluOx (P < 0.05). However, there was no significant difference in 
sausages with 3% NaCl (P > 0.05). Similar results were reported in the MP–lipid emulsion 
composite gels in chapter 5 that under low salt condition (0.3 M NaCl), GluOx/TGase 
treatment increased the cooking loss significantly, with no significant difference under high 
salt condition (0.6 M NaCl). Similarly, Castro-Briones and others (2009) also reported 
there were no significant changes of cooking yield by the addition of  0.3% TGase to beef 
meat gel with 2% NaCl. However, Tseng and others (2000) found that with 1% NaCl and 
0–1% TGase from pig plasma increased the cooking yield of chicken meatballs.  
6.4.3. Color and pH of cooked sausages 
GluOx oxidation decreased the a* value (redness) and increased the b* value 
(yellowness) of sausages with or without TGase under both salt levels (P < 0.05, Figure 
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6.2). In addition, L* value (whiteness) of low-salt sausages decreased with 100 and 500 
ppm GluOx. Figure 6.3 visually depicts the decreased sausage redness and whiteness. The 
unpleasant decrease of redness and increase of yellowness were reported by Wójciak and 
others (2015) in fermented sausages as color deterioration during storage. Although GluOx 
oxidation improved the textural properties, the oxidation-induced pink deterioration 
challenged the application in the sausages. Natural food color additives, such as annatto 
(extraction from the seed of Bixacea, a tropical tree) and paprika extraction with oxidative 
stability, may provide a solution for the pink discoloration in GluOx/TGase-treated sausage 
(Scotter 2009; Aguirrezábal and others 2000; Martín-Sánchez and others 2014). 
The pH of sausages decreased with the addition of GluOx, as shown Figure 6.4, 
from 6.2 to 5.3, which may result from the production of gluconic acid from glucose by 
glucose oxidase. Similarly, Hong and Chin (2010) reported 12-h incubation with gluconic 
acid, produced from the hydrolysis of glucono-δ-lactone (0.5%), could decrease the pH of 
myofibrillar protein from 6.2 to 5.5. In present study, the “clean” system was used without 
the addition of phosphates, which would change the water holding capacity of muscle 
proteins and stabilize the pH of sausage. Hence, a further study should be conducted to 
testify whether phosphates could stabilize the pH in GluOx-treated sausages. However, the 
increasing acidity provides a feasibility of the application of GluOx in fermented sausages 
(pH 4.6–5.3), in which lipid oxidation is desired to produce the volatile compounds as 
aroma. 
6.4.4. Microstructure of cooked emulsion-type sausages 
The morphology of the emulsion-type sausages with different salt levels under 
various treatments was shown in Figure 6.5. Sausages under 1.5% NaCl showed an overall 
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decrease in particle size as the ppm of GluOx increased (without TGase treatment), 
especially for 500 ppm GluOx. The surface turned flat, implying a packed structure. GluOx, 
with oxidation only, did not demonstrate any appreciable change in composition, with 
some minor cavities forming at 500 ppm, which may be cavities for the fat particles. When 
treated with TGase, the microstructure of sausages presented large lumpy and uneven 
surfaces, which leveled out to a finer and flatter appearance as GluOx increased, 
progressively smoothening out and seemed to be of a denser structure.  
For sausages with 3% NaCl, oxidation-only samples showed little composition 
change overall as GluOx increased. The surface resembled large, fluid globular protein 
masses that became rougher and more densely packed as GluOx increased, with 
increasingly finer lumps. With TGase, the fat particles (labeled as F in the Figure 6.5) 
appeared as large inclusions at 20 ppm and were shown as empty cavities in the protein 
matrix at 100pm of GluOx. At 500 ppm GluOx, the fat particles were mounted on the finer 
and flatter surface.  
The most packed structure occurred in 500 ppm GluOx/TGase treatment under both 
salt levels, which provided the microstructural evidence for the highest cooking loss 
(shown in Table 6.3 and 6.4, as lowest cooking yield). The pore sizes of meat protein gel 
microstructures and the hydrophilicity of the composites both affected the capillary 
pressure, therefore altering the liquid retention properties (Stevenson and others 2013). The 
entangled muscle protein gel network with smaller-size pores filled with lipid, while over-
oxidized muscle protein with TGase treatment may act as a large condensed aggregate, 
which probably prohibited the formation of capillary pressure for water holding or 
suppressing the movement of droplets of liquid fat.  
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The microstructure would explain the aforementioned decrease of rupture force in 
500 ppm GluOx/TGase-treated sausages when compared to 100 ppm GluOx/TGase 
treatment in both salt levels. In the meat system, the muscle proteins not only provide the 
interfacial film to stabilize the emulsion, but also act as the physical barrier to fat migration 
in the gel network (Gordon and others 1992). The stability of the aqueous phase within the 
myofibrillar protein gel dictates the stability of the entire composite system, therefore, it is 
likely the packed flatter structure would increase the liquid expulsion, weakening the 
mechanical strength of the composites (Gravelle and others 2015) 
6.5. Conclusion 
The combination of GluOx oxidation and TGase cross-linking improved the 
textural properties of emulsion-type sausages, which was confirmed by compression tests 
(TPA and rupture force). Under low-salt condition (1.5% NaCl), GluOx/TGase treatment 
can increase the sausage binding strength to the same level as under high-salt condition (3% 
NaCl). However, the cooking loss of low-salt sausages increased after GluOx/TGase 
treatment, which increased with increasing content of GluOx. The GluOx treatment 
resulted in the acidity of sausage and color deterioration, which could limit the application 
of GluOx in emulsion-type sausages. Therefore, additional research is needed to stabilize 
the pH and redness by the use of additives, such as phosphates and natural color additives.
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Table 6.1. Changes in the textural parameter of emulsion-type sausages treated with GluOx oxidation (12 h) followed by cross-
linking with TGase (2 h) with 1.5% NaCl at 4 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a-cMeans without a common letter differ significantly (P < 0.05). 
*Data in parentheses denote the change relative to the non-oxidized control. 
  
  GluOx (ppm) Firmness (N) Springiness Cohesiveness Chewiness 
(A) 
1.5% NaCl 
Oxid Only 
0 
  6.81±0.84d 
(–) 
0.84±0.05c 
(–) 0.80±0.05
b 4.57±0.66
c 
(–) 
20 
  8.60±0.58c 
(25%) 
0.98±0.15a 
(17%) 0.78±0.01
b 6.63±1.43
b 
(45%) 
100 
  8.66±1.26c 
(27%) 
0.91±0.09abc 
(11%) 0.80±0.02
b 6.35±1.50
b 
(39%) 
500 
  9.12±0.27bc 
(34%) 
0.96±0.03ab 
(14%) 0.78±0.03
b 6.85±0.30
ab 
(50%) 
Oxid+TGase 
0 
10.10±1.60ab 
(49%) 0.89±0.06
abc 0.83±0.01ab 7.39±0.77
ab 
(62%) 
20 
  9.41±1.16bc 
(38%) 0.89±0.03
abc 0.87±0.06a 7.33±1.16
ab 
(60%) 
100 
10.63±0.94ab 
(56%) 0.88±0.03
abc 0.82±0.03b 7.71±0.74
ab 
(69%) 
500 
11.32±0.58a 
(66%) 0.87±0.05
bc 0.82±0.02b 8.06±0.53
a 
(81%) 
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Table 6.2. Changes in the textural parameter of emulsion-type sausages treated with GluOx oxidation (12 h) followed by cross-
linking with TGase (2 h) with 3 % NaCl at 4 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
A-EMeans without a common letter differ significantly (P < 0.05). 
*Data in parentheses denote the change relative to the non-oxidized control.
  GluOx (ppm) Firmness (N) Springiness Cohesiveness Chewiness 
(B) 
3% NaCl 
Oxid Only 
0 
7.92±0.58CD 
(–) 0.85±0.06
AB 0.81±0.02B 5.43±0.45
C 
(–) 
20 
7.01±0.49E 
(–11%) 0.86±0.02
AB 0.83±0.01AB 5.01±0.30
C 
(–7.7%) 
100 
7.32±0.62DE 
(–7.6%) 0.85±0.09
AB 0.82±0.01AB 5.10±0.58
C 
(–6.1%) 
500 
8.63±0.38BC 
(13%) 0.87±0.03
AB 0.88±0.13AB 6.64±1.29
AB 
(22%) 
Oxid+TGase 
0 
7.78±0.64DE 
(–1.8%) 0.89±0.13
AB 0.86±0.01AB 5.91±0.91
BC 
(8.8%) 
20 
9.33±0.89AB 
(18%) 0.92±0.05
A 0.85±0.01AB 7.36±1.05
A 
(36%) 
100 
9.34±0.69AB 
(18%) 0.82±0.04
B 0.86±0.01AB 6.55±0.35
AB 
(21%) 
500 
9.76±0.85A 
(23%) 0.85±0.05
AB 0.85±0.00AB 7.05±0.95
AB 
(30%) 
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Table 6.3. Change in rupture force of emulsion-type sausages treated with GluOx oxidation (12 h) 
followed by cross-linking with TGase (2 h) with 1.5 or 3% NaCl at 4 °C.        
 
 
 
 
 
        
 
      A–D, a–d Means without a common letter differ significantly (P < 0.05). 
 
 
  
   Rupture force (N) 
  GluOx (ppm) Oxidation only Oxidation + TGase Δ Due to TGase 
 
1.5% NaCl 
0 20.55± 2.63d 41.75±4.11b 21 
20 21.22±1.71cd 40.46±5.10b 19 
100 21.23±1.41cd 50.38±3.87a 29 
500 24.67±2.44c 42.28±2.05b 18 
3% NaCl 
0 52.98± 2.74C   91.28±11.00B 38 
20 49.69±6.32CD    107.72±8.10A 58 
100 50.49±5.20CD   103.76±7.22 A 53 
500 42.69±2.95D 91.63±6.48B 49 
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Table 6.4. Change in shear force of emulsion-type sausages treated with GluOx oxidation (12 h) 
followed by cross-linking with TGase (2 h) with 1.5 or 3% NaCl at 4 °C. 
                  A–C Means without a common letter differ significantly (P < 0.05). 
  
   Shear force (N) 
  GluOx (ppm) Oxidation only Oxidation + TGase Δ Due to TGase 
 
1.5% NaCl 
0 4.59±0.48a 5.13±1.27a 0.53 
20 5.14±2.85a 5.41±0.70a 0.27 
100 4.64±0.57a 5.50±0.39a 0.86 
500 4.47±0.59a 5.61±0.43a 1.14 
3% NaCl 
0 5.43±0.35C 7.15±0.89A 1.72 
20 5.65±0.44BC 7.07±1.65A 1.42 
100 6.68±0.96AB 7.67±0.85A 0.99 
500 6.95±0.37A 7.19±0.46A 0.23 
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Table 6.5. Change in cooking yield of emulsion-type sausages treated with GluOx oxidation (12 
h) followed by cross-linking with TGase (2 h) with 1.5 or 3% NaCl at 4 °C. 
                  
 
 
 
 
 
 
     A–D, a–d Means without a common letter differ significantly (P < 0.05). 
 
 
 
  
   Cooking yield (%) 
  GluOx (ppm) Oxidation only Oxidation + TGase 
 
1.5% NaCl 
0 88.14±3.01ab 84.30±3.84abcd 
20 90.85±0.28a 84.49±7.39bcd 
100 84.71±2.76abc 80.49±3.28cd 
500 84.30±3.84abc 76.76±6.25d 
3% NaCl 
0 85.85±3.04A 88.10±1.81A 
20 86.65±5.13A 87.95±1.07A 
100 83.09±10.34A 86.95±0.95A 
500 86.81±7.93A 83.72±1.62A 
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Figure 6.1. Instrumental textural profile curve of cooked emulsion-type sausage. 
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Figure 6.2. Color measurement of emulsion-type sausages treated with GluOx oxidation 
(12 h) followed by cross-linking with TGase (2 h) with 1.5% NaCl (A) or 3% NaCl (B) at 
4 °C. Means without a common letter differ significantly (P < 0.05).   
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Figure 6.3. Appearance of emulsion-type sausages treated with GluOx oxidation (12 h) 
followed by cross-linking with TGase (2 h) with 1.5% NaCl (A) and 3% NaCl (B) at 4 °C. 
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Glucose oxidase (ppm)
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Figure 6.4. pH of emulsion-type sausages treated with GluOx oxidation (12 h) followed 
by cross-linking with TGase (2 h) with 1.5% NaCl or 3% NaCl at 4 °C. 
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Figure 6.5. Morphology of emulsion-type sausages treated with GluOx oxidation (12 h) 
followed by cross-linking with TGase (2 h) with 1.5% or 3% NaCl at 4 °C, captured by 
scanning electron microscopy (SEM) with 50 μm scale bar. F: fat particles. 
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CHAPTER 7 
OVERALL CONCLUSIONS 
Glucose oxidase (GluOx)-mediated H2O2 oxidizing system provides a progressive 
and controllable reaction for myofibrillar protein (MP) modification. The 
GluOx/glucose/Fe oxidizing system can induce appropriate structural changes, increase the 
coordination of protein–protein associates and aggregates, therefore, facilitating the 
formation of ordered protein matrixes for elastic gel networks. Firmer and more elastic MP 
gels were produced by GluOx than by the Fenton system at comparable H2O2 levels due to 
an altered radical reaction pathway, demonstrating the advantages of GluOx.  
The GluOx oxidation/transglutaminase (TGase) cross-linking pathway was 
demonstrated to enhance gelling properties in MP in MP-liquid emulsion composite gels, 
along with improved viscoelasticity and gel firmness in both 0.3 and 0.6 M NaCl. This 
resulted from improvements in protein cross-linking and aggregation, made possible by the 
presence of disulfide and isopeptide bonds. GluOx oxidation caused GluOx-dosage-
dependent rheological enhancement of MP–lipid emulsion composite gels with 0.6 M NaCl 
and played a predominant role in the GluOx oxidation/TGase treatments morphological 
changes. The addition of xanthan could reduce the cooking loss of MP–lipid composite 
gels in 0.3 M NaCl, but led to a poor gel network with lower gel strength. 
The GluOx oxidation/TGase cross-linking improved the textural properties 
(firmness, chewiness, and rupture force) of emulsion-type sausages with different salt 
levels. Under low-salt condition (1.5% NaCl), GluOx/TGase treatment can increase the 
sausage binding strength to the same level as the control sample under high-salt condition 
(3% NaCl). However, GluOx oxidation resulted color deterioration (mainly redness) in the 
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emulsion-type sausages. Therefore, to continue the exploration of applying GluOx 
oxidation in modification of muscle proteins to improve textural properties of meat 
products, further investigation must be conducted to overcome the color deterioration. 
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